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ABSTRACT 


The;»results  of  an  aKperlmentaiy’ investigation  of 

friction  and  hpat  transfer  parameters  for  turbulent  flow 

of  helium-argon. mixtures  in  smooth,  electrically  heated, 
r 

circular  tubes  are  presented.  Experimental  results  are 
>compared  to  existing  experimental  correlations  and  to 
analytical  results.  Results  of  air  and  helium  from  the 
same  experimental  apparatus  are  included  for  comparison. 

>  We 

In  this  experiment  hellum-axgrr^  mixtures  with  molecular 

y-f  St,'  •  +  ''-n  ( 

weights  between  15.3  and  29.7  are  used^  /^1-s  range  result^  In 
Prandtl  numbers  between  0.42  and  0.49.  Inlet  Reynolds 
numbers  range  from  31200  to  102000,  maximum  wall  temperatures 
from  392  to  828^,  maximum  wall-to-bulk  temperature  ratios 

2  Y ' '  '  ' 

to  1.82,  maximum  wall  heat  flux  values  to  511  KW/m  and 
pressures  from  469  to  967KPa.^4.7  to  9.7  atmospheres). 

r^Exlsting  experimental  correlations,  developed  using 
gases  with  Prandtl  numbers  of  approximately  0.7,  are 
compared  to  the  measured  friction  and  heat  transfer  results. 
Adiabatic  friction  factors  and  friction  factors  with  heat 


addition  are  predicted  within  ±4  and  ilO  percent,  respec¬ 
tively.  Nusselt  numbers  for  fully  developed,  constant 
property  conditions  are  predicted  within  ±5.0  percent.  ^  An 


empirical  equation  that  correlates  the  ^hrelium-argon  'data 
within  ±15  ^r«ent,''and  includes  entrance  and  variable 


□npt 


property  effects  is  presented. 

Using  a  recently  developed  technique  that  compares 
numerically  calculated  and  measured  constant  property 
Nusselt  numbers,  turbulent  Prandtl  numbers  in  the  wall 
region  for  helium-argon  mixtures  are  determined.  The 
validity  of  using  these  turbulent  Prandtl  numbers  in  a 
variable  property  numerical  analysis  is  examined.  The 
variation  of  turbulent  Prandtl  number  with  respect  to 
Reynolds  number  and  molecular  Prandtl  number  is  also 
Inspected . 
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INTRODUCTION 


The  closed  Brayton  cycle  using  Inert  gases  as  working 
fluids  has  been  considered  for  use  In  many  current  applica¬ 
tions.  The  Navy  has  Investigated  Its  use  for  undersea  and 
surface  ship  propulsion.  NASA  has  examined  It  for  future 
space  missions  requiring  relatively  large  amounts  of  elec¬ 
tric  power  (100  -  500  Kw)  [l,2,3,4].  Binary  mixtures  of 
helium  and  heavier  Inert  gases,  such  as  argon  or  xenon, 
have  been  considered  as  possible  working  fluids  In  these 
closed  Brayton  systems.  The  Increase  In  density,  due  to 
the  heavier  Inert  gas,  reduces  the  size  of  the  compressor 
and  turbine.  The  thermal  conductivity  of  the  binary  mix¬ 
ture  Is  lower  than  that  of  helium,  thus  causing  an  Increase 
In  the  size  of  the  heat  exchangers.  At  an  Intermediate 
molecular  weight  an  optimum  can  be  attained. 

Fig.  1  Illustrates  the  relative  heat  transfer  of 
helium-argon  and  helium-xenon  mixtures  compared  to  the 
pure  gases  and  air.  The  relative  heat  transfer  coefficients 
were  calculated  using  the  Dlttus-Boelter  type  relation 

h  -  0.021  Re°*®  Pr°'‘^  (K/D)  (1) 

and  were  normalized  with  respect  to  the  lowest  value.  The 
geometry  and  mass  flux  were  kept  constant.  This  resulted 


In  a  relative  heat  transfer  coefficient  of  the  form 


1 


Relative  heat  transfer  coefficients 
.  helium-xenon  comparaii  vo  air  and  ti 
id  xenon.  Properties  were  taken  at  i 


All  properties  were  taken  at  860K  and  lOlKPa.  Vanco 
[4]  performed  a  similar  analysis,  but  kept  the  geometry 
and  molal  flow  rate  constant,  which  gave  quite  different 
curves.  Examination  of  Fig.  1  shows  why  helium-xenon 
Is  the  prime  candidate  for  a  working  fluid  In  the  closed 
Brayton  cycle.  Helium-argon  has  been  Investigated  Ini¬ 
tially  due  to  expense  and  convenience  of  experimental 
apparatus . 

The  purpose  of  this  research  was  to  determine,  for 
turbulent  flow  In  tubes,  the  momentum  and  heat  transfer 
characteristics  of  helium-argon  mixtures.  No  basic  mo¬ 
mentum  and  heat  transfer  experimental  work  for  fluids 
with  Prandtl  numbers  between  0.1  and  0.67  presently  exists 
In  the  literature.  Until  recently.  It  was  thought  that 
no  fluids  existed  In  this  Prandtl  number  range  [5,6]. 

The  mixtures  of  helium  and  heavier  Inert  gases  fill  this 
void,  having  Prandtl  numbers  between  0.25  and  0.67.  Fig.  2 
shows  the  variation  of  molecular  Prandtl  number,  Pr,  as 
a  function  of  molecular  weight  and  temperature  for  helium- 
argon  and  helium-xenon  [7].  It  can  be  seen  that  the  Prandtl 
number  varies  little  with  temperature. 

Experimental  correlations,  such  as  equation  1,  were 
developed  using  air  (Pr  0.7)  and  helium  (Pr  ■  0.67). 
Extension  of  similar  experimental  correlations  for  calcu¬ 


lating  adiabatic  friction  factors,  average  friction  factors 
with  heat  addition,  Nusselt  numbers  at  constant  property 


conditions,  and  Nusselt  numbers  with  variable  property 
and  thermal  entry  effects  included  were  examined  In  this 
study  using  helium-argon  mixtures.  Mixtures  at  molecular 
weights  of  approximately  15  (Pr  ■  0.42),  27  (Pr  ■  0.46), 
and  30  (Pr  ~  0.49)  were  used.  For  comparison,  experiments 
with  air  and  helium  were  also  performed.  Experimental 
studies  similar  to  this  one,  except  using  air,  helium, 
or  hydrogen  Include  those  by  Perkins  and  Wors^e-Schmidt 
[S],  McEligot  and  Magee  [9],  Taylor  [lO]  ,  and  Dalle  Donne 
and  Bowditch  [ll] . 

In  many  analyses  that  predict  turbulent  heat  transfer 
results,  the  value  of  the  turbulent  Prandtl  number  is 
needed  Il2].  The  turbulent  Prandtl  number,  i-s  defined 

as  the  ratio  of  eddy  diffusivity  of  momentum  and  eddy 
diffusivity  of  heat,  The  eddy  dif fuslvities  are 

defined  by  the  transport  relationships, 

*  V  17  ,3, 

’"/oCp  ■  -<»  +  I? 

and  are  used  to  account  for  the  additional  momentum  and 
heat  transport  caused  by  turbulent  mixing. 

Much  work  has  been  done,  both  analytical  and  experi¬ 
mental,  to  develop  methods  to  predict  Pt^.  As  of  yet, 
no  generally  accepted  method  exists.  Reynolds  [l3]  examined 
more  than  thirty  ways  that  have  been  developed  to  determine 


Pr^.  For  more  background  information  his  review  can  be 
consulted.  Quarmby  and  Quirk  [l4]  demonstrated  the  wide 


%  •-  ^  •-  n.  •-'  •-  *. 


range  of  Pr^  values  chac  are  predicted  by  different  analyses 
and  measured  data.  For  air  and  other  common  gases,  they 
showed  that  different  methods  predict  Pr^  near  the  wall 
from  0.5  to  infinity. 

Due  to  large  uncertainties  [l5],  experimental  measure¬ 
ments  haven't  clarified  the  discrepancies.  The  measurements 
have  indicated  that  Pr^  is  a  function  of  Pr,  position  in 
the  flow,  and  turbulence  intensity  [l3].  It  has  been 
generally  observed  that  Pr^  increases  as  the  wall  is 
approached,  and  that  the  relationship  between  Pr^  and  Pr 
is  [12,13] 

Pr^ll  for  Pr^l  unless  Pr'V'l,  (4) 

A  recent  technique,  developed  by  McEllgot,  Pickett, 
and  Taylor  [l6],  determines  Pr^  in  the  wall  region  by 
comparing  the  experimentally  measured  and  numerically 
calculated  axial  variation  of  Nusselt  number.  The  Nusselt 
numbers  are  calculated  for  the  constant  properties  condi¬ 
tion,  and  the  measured  Nusselt  numbers  are  extrapolated 
to  a  constant  properties  condition.  The  technique  was 
used  in  this  investigation  to  determine  Pr^  in  the  wall 
region  for  mixtures  of  helium-argon.  By  comparing  Pr^ 
for  helium-argon  mixtures  with  results  for  air  [l6], 
the  variation  of  Pr^  as  a  function  of  Pr  was  examined. 

The  variation  of  Pr^  as  a  function  of  Reynolds  number  was 
also  examined. 


§ 


i 


P 


Relatively  high  heating  rates  could  possibly  occur 


in  the  heater  cubes  of  Che  closed  Braycon  cycle.  These 
high  heating  rates  cause  significant  variation  of  prop¬ 
erties,  and  the  constant  properties  Idealization  becomes 
Invalid.  To  calculate  bulk  Nusselt  numbers  of  helium- 


argon  mixtures  at  these  conditions,  the  Pr^  determined 


for  constant  properties  was  used  In  a  numerical  analysis 
In  which  Che  properties  were  allowed  to  vary.  To  validate 
using  Pr^  determined  for  constant  property  conditions 
In  a  variable  properties  analysis,  calculated  and  measured 


GAS  PROPERTIES 


The  properties  needed  for  this  study  were  the  com* 
presslblllty ,  viscosity,  thermal  conductivity,  specific 
heat,  enthalpy,  speed  of  sound,  and  gas  constant.  The 
properties  of  air  have  been  studied  extensively,  and 
tables  listing  these  properties  are  readily  available. 
The  Tables  of  the  Thermal  Properties  of  Gases  [l8]  were 


used  In  this  Investigation.  The  properties  of  helium  and 
helium-argon  mixtures  were  calculated  theoretically.  For 
all  of  the  gases,  the  viscosity  and  thermal  conductivity 
were  assumed  to  be  Independent  of  pressure. 

The  helium  and  helium-argon  mixtures  were  assumed  to 
be  Ideal  gases,  thus  making  the  compressibility  equal  to 
a  constant  value  of  one.  This  Is  a  reasonable  assumption 
for  the  range  of  pressures  (101.3  -  967.3KPa)  and  tempera¬ 
tures  (294  -  828°R)  used  In  this  experiment.  Since  helium 

and  argon  are  monatomic,  and  the  temperatures  used  In  this 

study  were  not  too  great,  the  equation  [l9] 

Cp  -(5/2)  R  (5 

was  used  to  calculate  the  specific  heat.  The  specific 
heat  was  assumed  to  be  constant,  and  the  gas  constant  was 
calculated  from  the  relation 

R  -  R/M.  (6 

Using  the  Ideal  gas  and  constant  specific  heat  assumptions 


simple  equations  for  the  enthalpy  and  speed  of  sound  can 


be  derived  [20] 


1  -  c  (T  -  T  ,)  (7) 

p  ref 

c  -  /y  R  T  -  /5/3  R  T  (8) 

Is  an  arbitrary  reference  temperature.  From  the 
assumptions  already  mentioned,  the  ratio  of  specific 
heats,  Y>  becomes  a  constant  value  of  5/3. 

The  viscosity  and  thermal  conductivity  of  the  helium 
and  helium-argon  mixtures  were  calculated  using  the  Lennard 
Jones  (6-12)  potential  In  the  Chapman-Enskog  kinetic 
theory  [l7].  The  predicted  properties  were  compared  with 
experimental  measurements. 

The  force  constants,  e/k  and  a,  suggested  by  Hlrsch- 
felder,  Curtiss  and  Bird  [l7]  were  tried  originally.  The 
predicted  properties  were  compared  with  the  experimental 
values  only  for  the  range  of  temperatures  used  In  this 
study.  The  predicted  helium  viscosities  were  five  percent 
below  the  experimental  measurements  of  Dawe  and  Smith  [2lJ 
and  Kalelkar  and  Kestln  [223.  predicted  thermal 

conductivities  of  helium  agreed  within  one  percent  of  the 
measurements  by  Saxena  and  Saxena  [233 >  but  were  five 
percent  below  the  values  calculated  from  experimental 
viscosity  measurements  of  Kalelkar  and  Kestln  [223*  The 
predicted  viscosities  of  helium-argon  mixtures  at  870°K 
were  three  to  five  percent  below  the  measured  values  of 
Kalelkar  and  Kestln  [223  •  predicted  thermal  conduc¬ 

tivities  of  helium-argon  mixtures  at  790°K  were  five  to 


nine  percent  below  the  measured  values  of  the  Thermophysical 


Properties  Research  Center  [24],  and  the  measured  values 
of  von  Ublsch  repeated  by  Gandhi  and  Saxena  [25]. 

In  an  attempt  to  get  better  agreement  between  predicted 
and  measured  values,  force  constants  suggested  by  OlPlppo 
and  Kestln  [26]  were  tried.  With  these  force  constants, 
the  predicted  viscosities  of  both  helium  and  helium-argon 
agreed  within  one  percent  of  the  measured  values  mentioned 
In  the  previous  paragraph.  The  predicted  thermal  conduc¬ 
tivities  of  helium  agreed  within  one  percent  of  the  values 
of  Kalelkar  and  Kestln  [22],  but  were  five  percent  above 
the  measurements  of  Saxena  and  Saxena  [23].  The  predicted 
thermal  conductivities  of  helium-argon  were  essentially 

I  unchanged.  Since  the  agreement  between  the  predicted  and 

measured  viscosities  was  Improved,  and  the  agreement 
between 
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the  predicted  and  measured  thermal  conductivities 
d  approximately  the  same,  the  force  constants  sug- 
by  DlPlppo  and  Kestln  [26]  were  used.  The  calcu- 
ropertles  of  helium  and  the  helium-argon  mixtures 
this  Investigation  are  listed  In  Appendix  A. 
e  properties  were  Inserted  In  tabular  form  In  the 
al  programs  that  reduced  the  experimental  friction 
t  transfer  measurements.  In  the  numerical  program 
predict  heat  transfer  results,  the  properties  were 
d  In  equation  form.  The  Ideal  gas  law  was  used, 
clflc  heat  was  assumed  constant,  and  the  variation 


of  viscosity  and  thermal  conductivity  with  temperature 
was  accounted  for  with  the  following  relations. 

U/^ref  ’  ^’^^^ref^* 

K/Kref  “  ^’’^^ref^'* 

As  discussed  by  McEllgot,  Taylor,  and  Durst  [7],  the 
exponent  "a”  ranges  from  0.7  to  0.8,  and  the  exponent 
"b"  ranges  from  0.7  to  0.75  for  the  Inert  gases  and  their 
mixtures.  The  exponents,  "a"  and  "b",  of  air  for  the 
range  of  temperatures  In  this  study  are  0.67  and  0.81, 
respectively.  Thus,  the  viscosity  and  thermal  conductivity 
of  air,  helium,  and  helium-argon  vary  with  temperature  In 
approximately  the  same  manner. 

For  the  present  study  the  following  values  of  the 
exponents  were  used  for  the  mixtures: 

at  M  •  15.83,  a  -  0.745  and  b  -  0.718 

A 

at  M  -  27.53,  a  -  0.772  and  b  -  0.741. 


EXPERIMENTAL  APPARATUS  AND  PROCEDURE 


The  experimental  apparatus,  arrangement,  and  procedure 
was  similar  to  that  used  by  Perkins,  Schade,  and  McEllgot 
[27].  Only  differences  in  the  two  experiments  will  be 
noted  here.  Instead  of  a  square  duct,  a  circular  tube 
made  of  Hastelloy-X  was  used  as  a  test  section.  The  tube 
had  an  Inside  diameter  of  0.312  cm.  and  a  wall  thickness 
of  0.056  cm.  The  test  section  consisted  of  a  heated  sec¬ 
tion  98  diameters  in  length  preceded  by  an  unheated  section 
92  diameters  in  length.  The  unheated  section  ensured 
that  the  velocity  profile  was  fully  developed  at  the  inlet 
of  the  heated  section.  For  attachment  of  the  a.c.  power 
cables,  stainless  steel  electrodes  were  brazed  at  the  upper 
and  lower  ends  of  the  heated  section.  Two  pressure  taps 
were  used.  One  was  located  in  the  lower  electrode  and  the 
other  8.0  diameters  below  the  upper  electrode.  Sixteen 
premium  grade  chromel-alumel  thermocouples  (0.013  cm. 
diameter)  were  spot  welded  to  the  heated  section  of  the  tube 
using  the  parallel  Junction  suggested  by  Hoen  [28]. 

In  addition  to  the  power  supply  used  by  Perkins 
et  al.  [27],  an  a.c.  Lincoln  welder  was  used  in  order  to 
reach  the  high  temperatures  at  the  larger  Reynolds  numbers 
used  in  this  experiment.  To  measure  the  higher  flow  rates, 
the  positive  displacement  meter  was  replaced  by  a  Meriam 


laminar  flow  element.  The  latter  was  calibrated  to 
measure  the  flow  rate  within  -1.5  percent.  Helse  gages. 
Inclined  water  manometers,  and  vertical  mercury  or  wa¬ 
ter  manometers  were  used  to  measure  static  pressure  and 
pressure  drop. 

A  vacuum  external  envlromment  was  not  used  In  this 
experiment.  The  test  section  was  completely  enclosed 
with  a  heat  shield  that  restricted  the  convective  air 
currents  and  helped  stabilize  the  heat  loss  from  the 
tube  to  the  environment. 

The  experimental  procedure  was  slightly  different 
than  that  used  by  Perkins  et  al .  [27].  The  "radiating 

thermocouple  conduction  error",  discussed  by  Hess  [29], 
was  not  exactly  appropriate  since  the  test  section  was  sur¬ 
rounded  by  air  at  atmospheric  pressure.  Instead  a  cor¬ 
relation  for  natural  convection  from  small  wires  was 
Introduced,  In  addition  to  radiation,  as  detailed  In 
Appendix  E.  The  heat  loss  from  the  tube  to  the  environ¬ 
ment  was  determined  using  the  method  described  by  Camp¬ 
bell  and  Perkins  [30]. 

To  reduce  the  he^t  transfer  data  the  same  computer 
program  that  was  used  by  Perkins  et  al.  [27],  was  employed 
In  this  study,  but  was  modified  for  use  with  a  circular 
tube.  The  basics  of  this  computer  program  are  described 
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in  other  reports  [30,31,32].  Table  1  summarizes  the 
range  of  variables  covered  in  this  investigation.  A 
more  detailed  discussion  of  the  experiment  is  contained 
in  Appendix  B.  A  list  of  the  experimental  data  is  con¬ 
tained  Appendix  0. 


Experimental  runs 

25 

4 

28 

Molecular  weight 

28.97 

4.003 

15.30  -  29.70 

Inlet  bulk  Reynolds 

number 

32^00  -  lOOpOO 

30200 

3^200  -  102000 

Exit  bulk  Reynolds 

number 

19p00  -  8^000 

184  00  -  2  6,600 

17,000  -  68^00 

Inlet  bulk  Pcandtl 

number 

0.719 

0.667 

0.419  -  0.486 

Exit  bulk  Pcandtl  number 

0.682  -  0,708 

0.667 

0.426  -  0.495 

Maximum  T  /T, 
w  b 

1.90 

1.75 

1.82 

Maximum  T  (°K) 
w 

817 

789 

828 

Maximum  q*** 

0.0027 

0.0027 

0.0032 

Maximum  Gr/Re^2 

8.90  X  lO"^ 

4.84  X  10*^ 

3.22  X  10"^ 

Maximum  Mach  number 

0.26 

0.25 

0.33 

x/D  for  local  bulk  Nusselt 
numbers  > 


2.1  -  82.0 


2.1 


82.0 


2.1  -  82.0 


EXPERIMENTAL  RESULTS 


Friction  Results 

Adiabatic  friction  factors  were  measured  before  each 
series  of  heated  runs.  These  were  compaxed  to  other  re¬ 
searcher's  results,  and  were  also  used  as  a  check  of  the 
pressure,  mixture  molecular  weight,  and  flow  rate  measure¬ 
ments.  The  method  described  by  Shapiro  [33]  was  used  to 
calculate  the  adiabatic  friction  factors.  The  measured 
friction  factors  were  compared  to  the  experimental  corre¬ 
lation  of  Drew,  Koo,  and  McAdams  [34], 

f  -  0.0014  +  0.125  Re"°*^^.  (11) 

This  correlation  is  for  turbulent  flow  in  tubes,  and  was 
used  because  of  its  simplicity  and  close  agreement  with 
the  Karman-Nikuradse  relation.  Fig.  3  shows  the  measured 
friction  factor  divided  by  that  calculated  from  equation 
(11)  plotted  as  a  function  of  Reynolds  number.  Air  and 
helium  data  points  are  Included  for  comparison.  All  the 
measured  friction  factors  are  within  ±4.0  percent  of  equa¬ 
tion  (11),  and  76  percent  are  within  ±2.0  percent. 

Since  only  two  pressure  taps  were  used,  local  friction 
factors  could  not  be  determined  for  experiments  with  heat 
addition.  Average  friction  factors  were  determined  in  the 
manner  of  Humble,  Lowdermilk,  and  Desmon  [35].  The  average 
friction  factors  were  compared  to  an  experimental  correla¬ 
tion  suggested  by  Taylor  [36].  This  correlation  is  for 


turbulent  flow  in  tubes  with  heat  addition. 

f  -  (0.0014  +  0.125  Re  .-0.5  ^^^2) 

W  W  D 

This  relation  is  similar  to  equation  (11)  ,  but  the  bulk 

Reynolds  number  is  replaced  by  the  modified  wall  Reynolds 

number.  The  term  (T  /T.  )  is  included  to  account  for 

w  b 

variation  of  properties  with  temperature.  Equation  (12) 
was  used  by  Taylor  to  correlate  average  friction  coeffi¬ 
cients  measured  by  several  different  people.  It  predicted 
most  of  the  data  within  ±10  percent. 

Fig.  4  shows  the  average  friction  factors  with  heat 
addition  as  measured  in  this  investigation.  The  friction 
coefficients  are  divided  by  equation  (12)  and  plotted  as 
a  function  of  modified  wall  Reynolds  number.  Again,  helium 
and  air  are  included  for  comparison.  All  of  the  data  is 
predicted  to  within  ±10  percent  by  equation  (12)  and  84 
percent  is  predicted  to  within  ±4.0  percent. 

Heat  Transfer  Results 

To  determine  the  effects  of  the  lower  helium-argon 
Frandtl  number  on  the  heat  transfer  results,  the  variation 
of  properties  with  temperature,  and  the  entrance  effects 
were  minimized.  The  entrance  effects  were  minimized  by 
considering  primarily  the  results  et  which  fully  developed  condi' 
tlons  existed  (x/D>20) .  A  method  described  by  Malina  and 
Sparrow  [37]  was  used  to  approach  the  constant  properties 
idealization . 

For  the  method  described  by  Malina  and  Sparrow,  a 
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f  /  [(0.014  -r  0.125  /Tt,)'®-®] 


HELIUM-ARGON 


Figure  3,  Comparison  of  Adiabatic  Friction  Factors  to  Drew,  Koo 

and  McAdams  Correlation  for  Air,  Helium  and  iiel 1  urn- Argon 
Mixtures. 


HELIUM -ARGON 


Kt<|ure  4  Compdrisun  of  Avuraife  Friction  Factors  to  Taylor  Variable  Properties  Correlation  for 
Air,  Helium  4nd  Helium^Artioii  Mixtures. 


fixed  inlet  Reynolds  number  is  maintained  while  the  wall- 

to-bulk  temperature  difference  is  varied.  At  a  particular 

axial  location,  the  ratio  of  experimentally  determined 

bulk  Nusselt  number  to  a  Dlttus-Boelter  type  correlation 

Is  plotted  as  a  function  of  the  difference  between  wall 

and  bulk  temperature.  Extrapolation  to  a  difference  of 

zero  between  the  wall  and  bulk  temperature  gives  a  ratio 

that  can  be  directly  used  to  calculate  a  constant  property 

Nusselt  number,  Nu  .  Since  the  ratio  of  bulk  Nusselt 

cp 

number  to  a  Dlttus-Boelter  type  correlation  partially 
eliminates  any  effects  caused  by  small  deviations  of  the 
Reynolds  number,  these  deviations  should  be  kept  as  small 
as  possible. 

The  procedure  described  In  the  previous  paragraph 
is  demonstrated  in  Fig.  5  for  a  helium-argon  mixture  with 
a  molecular  weight  of  15.30,  inlet  Reynolds  number  of 
55200,  and  inlet  Prandtl  number  of  0.419.  Extrapolation 
for  four  different  axial  locations  is  shown.  For  this  In¬ 
vestigation  the  Dlttus-Boelter  type  correlation  used  was 
(equation  1  rearranged) 

Nujjg  -  0.021  Re°’®Pr°'^.  (13) 

For  a  sequence  of  runs  at  a  nominal  inlet  Reynolds  number. 
Individual  runs  had  Inlet  Reynolds  numbers  within  1.8 
percent  of  the  nominal  value. 

The  dashed  lines  In  Fig.  5  show  how  the  error  In  the 
constant  property  Nusselt  number  was  estimated.  This 
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technique  was  used  by  Reynolds,  Swearingen,  and  McEllgot 
[38].  The  error  In  this  Investigation  varied  from  ±9 
percent  at  small  x/D  to  ±5.4  percent  at  large  x/D.  The 
dominant  uncertainty  In  the  Nusselt  number  Is  due  to  un¬ 
certainty  In  the  wall-to-bulk  temperature  difference. 

This  difference  Is  small  In  the  entrance  region,  thus 
causing  a  large  error  In  the  Nusselt  number.  At  large 
x/D,  the  flow  Is  fully  developed  and  the  wall-to-bulk 
temperature  difference  Is  relatively  constant.  The  error 
In  the  Nusselt  number  becomes  a  minimum,  and  then  Increases 
with  Increasing  x/D  due  to  greater  uncertainty  In  the  bulk 
temperature.  Appendix  C  describes  the  method  used  for 
calculating  error  In  the  measured  Nusselt  number. 

For  fully  developed  conditions  (x/D>20) ,  with  air  or 
helium  as  the  experimental  fluid,  the  ratio  Nu  /Nu,^- 
varied  from  0.94  to  1.00.  No  dependence  on  Reynolds  number 
was  noticed  for  the  Reynolds  number  range  used  In  this 
experiment.  For  fully  developed  conditions,  with  helium- 
argon  mixtures  as  the  experimental  fluid,  the  ratio  Nu^^/Nu 

varied  from  0.83  to  0.93.  For  a  helium-argon  mixture 
at  a  molecular  weight  of  15.30,  Inlet  Reynolds  number  of 
55200,  and  x/D  value  of  56.9,  Fig.  5  shows  the  ratio 
Nu^^/Nuqq  to  be  approximately  0.84.  From  these  results, 
it  was  determined  that  the  Dlttus-Boelter  type  equation 
(equation  13)  did  not  predict  correct  Nusselt  numbers  for 


the  Prandtl  number  range  between  0.42  and  O.SO. 

A  correlation  suggested  by  Kays  [39]  predicted  the 
constant  property  Nusselt  numbers  of  the  helium-argon 
mixtures  within  ±6.0  percent. 

Nu  -  0.022  Re°*®Pr°*^  (14) 

This  equation  was  recommended  for  fluids  with  Prandtl 
numbers  between  0.5  and  1.0,  constant  properties,  a  constant 
heat  flux  boundary  condition-,  and  fully  developed  turbulent 
flow.  If  the  coefficient  of  this  equation  Is  changed  to 
0.021,  and  the  Prandtl  number  exponent  adjusted  so  that 
approximately  equivalent  results  are  obtained,  the  result¬ 
ing  equation  Is 

Nu  -  0.021  Re°*®Pr°'^^.  (15) 

This  equation  shows  that  the  exponent  of  the  Prandtl  number 
In  equation  (13)  should  be  changed  from  0.4  to  0.55  In 
order  to  accurately  predict  the  constant  property  Nusselt 
numbers  of  the  helium-argon  mixtures.  Fig.  6  shows  the 
constant  property  Nusselt  number  divided  by  equation  (15) 
plotted  as  a  function  of  Prandtl  ounber  for  the  mixtures  .  Results  are 
plotted  for  three  Prandtl  numbers,  four  Reynolds  numbers, 
and  axial  positions  at  which  the  flow  was  fully  developed. 

From  the  figure  It  can  be  seen  that  equation  (15)  predicts 
the  constant  property  Nusselt  numbers  within  ±5.0  percent. 

At  a  Reynolds  number  of  32000,  a  small  effect  of  the  Prandtl 
number  varying  between  0.419  and  0.486  can  be  noticed. 

A  dependence  on  Reynolds  number  was  observed  for  the 


-■.1 


.  '  •  i 


22 


CCNTIMKTER 


helium-argon  mixtures.  Since  the  effect  on  the  constant 

property  Nusselt  number  was  about  equivalent  to  the  error 

in  the  constant  property  Nusselt  number,  only  general 

trends  can  be  discussed.  Two  trends  were  observed  (Fig.  6). 

For  a  particular  Prandtl  number  the  ratio  of  Nu  divided 

cp 

by  equation  (15)  decreased  as  the  Reynolds  number  increased, 
and  this  effect  became  more  pronounced  as  the  Prandtl 
number  decreased. 

To  account  for  the  variation  of  properties  and  entrance 
effects  in  this  investigation,  the  correction  factors 
suggested  by  Magee  [AO]  were  used. 

+  0.6D/x]  (16) 

-0 . 4 

The  term  (T^/T^)  accounts  for  the  variation  of  proper¬ 

ties,  and  the  term  0.60/x  accounts  for  the  entrance  effects. 
If  these  correction  factors  are  applied  to  equation  (13) , 
the  resulting  equation  is 

Nu.  -  0.021  Re,°’®  Pr.°’^[(T  +  0.6D/x].  (17) 

D  0  D  W  D 

For  x/D  between  2.1  and  81.6  this  equation  predicted  all  of 
the  present  measured  Nusselt  numbers  for  air  and  helium 
within  ±15  percent  and  97  percent  of  the  Nusselt  numbers 
within  ±10  percent. 

If  the  correction  factors  (16)  are  applied  to  equation 
(15)  the  resulting  relation  is 

Nu.  -  0.021  Re.°'®  Pr.°'^^[(T  /T.  )“°*^  +  0.6D/x].  (18) 

D  D  D  W  D 

This  equation  predicted  the  helium-argon  Nusselt  numbers 

in  the  fully  developed  region  within  ±13  percent,  but 
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underpredlc ced  the  Nusselt  numbers  in  the  entrance  region 
by  as  much  as  22  percent.  To  have  the  same  type  of  accuracy 
with  the  helium-argon  data  that  was  obtained  with  the  air 
and  helium  data  changes  to  the  correlation  were  necessary. 

As  previously  discussed,  the  transport  properties  of 

helium-argon  vary  with  temperature  in  approximately  the 

same  manner  as  those  of  air  and  helium.  For  this  reason 
-0  4 

the  term  CT^/Tj^)  '  was  retained  as  a  reasonably  accurate 
correction  factor  for  the  variation  of  properties.  Kays 
I39J  discusses  the  effect  of  different  Prandtl  numbers  in 
the  thermal  entrance  region  of  circular  tubes.  He  shows 
that  as  the  Prandtl  number  decreases,  the  effect  of  the 
entrance  region  on  the  Nusselt  number  is  more  pronounced. 
Because  of  this,  the  coefficient  in  the  term  0.6D/x  of 
equation  (18)  was  changed.  Since  helium-argon  has  a 
lower  Prandtl  number  than  air,  one  would  expect  the  coeffi¬ 
cient  to  have  a  larger  value  than  0.6.  Different  values 
for  the  coefficient  of  the  entrance  effects  term  were  used 
in  equation  (18) ,  and  compared  to  the  experimentally  de¬ 
termined  bulk  Nusselt  numbers  of  helium-argon.  From  this 
comparison  it  was  determined  that  a  value  of  0.85  worked 
best  for  the  coefficient  of  the  entrance  effects  term. 

The  complete  correlation,  accounting  for  entrance  effects 
and  variation  of  properties  is 

Nu.  -  0.021  Re.°'®  Pr.°'^^  [(T  /T, )*°’^  +  0.85D/x].  (19) 

D  D  D  W  D 

For  x/D  between  2.1  and  81.6  this  equation  predicted  all 


of  Che  measured  bulk  Nusselc  numbers  for  helium-argon 
within  ±15  percent  and  92  percent  within  ±10  percent. 

Measured  bulk  Nusselt  numbers  divided  by  equation 
(19)  are  plotted  on  Fig.  7  as  a  function  of  x/D.  For 
clarity,  only  results  from  four  helium-argon  experimental 
runs  were  plotted.  The  data  plotted  are  from  experimental 
runs  chat  Include  the  complete  range  of  experimental 
variables  for  the  helium-argon  mixtures.  The  greatest 
difference  between  the  experimental  data  and  equation  (19) 
occurred  at  high  heating  rates  in  the  x/D  range  between 
4.0  and  16.0.  In  this  range  equation  (19)  underpredic ted 
Che  measured  Nusselt  numbers  by  5  to  15  percent. 

Few  correlations  for  gases  with  Prandtl  numbers  be¬ 
tween  0.1  and  0.67  presently  exist  in  the  literature. 
Sleicher  and  Rouse  [4l]  suggest  a  correlation  for  Prandtl 

numbers  between  0.1  and  10^,  and  Reynolds  numbers  between 
4  6 

10  and  10  .  The  correlation  is  for  fully  developed  condi 

tions,  and  accounts  for  property  variation. 

Nu,.  »  5  +  0.015  Re-“  Pr  " 
b  I  w 

m  -  0.88  -  0. 24/(4  +  Pr  )  (20 

w 

n  ■  1/3  +  0.5  exp(-0.6  Pr^) 

For  the  helium-argon  mixtures,  this  equation  predicted 
Nusselt  numbers  that  were  15  to  40  percent  lower  than  the 
Nusselt  numbers  measured  in  the  fully  developed  region 
of  this  investigation.  Equation  (19)  correlated  the  data 


more  accurately. 


NUMERICAL  ANALYSIS 


Procedure  for  Determining  the  Turbulent  Prandtl  Number 

To  determine  Pr^  for  helium-argon  mixtures,  the  nu¬ 
merical  method  of  Bankston  and  McEligot  [42]  was  used  in 
conjunction  with  the  technique  developed  by  McEligot, 
Pickett,  and  Taylor  [l6].  The  numerical  method  uses 
finite  control  volume  approximations.  It  was  developed 
to  solve  the  coupled,  partial  differential,  axisymmetr ic , 
boundary  layer  equations;  but  can  also  be  used  for  con¬ 
stant  property  conditions  which  uncouples  the  boundary 
layer  equations.  The  boundary  conditions  are  the  no-slip 
and  impermeable-wall  conditions,  the  inlet  conditions, 
and  the  wall  heat  flux. 

The  technique  of  McEligot  et  al.  [l6]  uses  the  axial 
variation  of  the  Nusselt  number  to  determine  Pr^  in  the 
wall  region.  By  examination  of  the  simplified  energy 
equation , 

“  ^  ^21) 
they  showed  that  the  functional  dependence  of  the  Nusselt 
number  is 

Nu  *  Nu  {x,u(r)  ,e^(r)  ,Pr^} .  (22) 

The  energy  equation  was  simplified  from  the  general  form 
by  using  the  following  assumptions;  the  axisymmetric 
boundary  layer  approximations,  hydrodynamic  fully  developed 
flow,  steady  flow  at  low  velocities,  and  constant  fluid 


properties.  By  using  one  of  the  semi -empirical  relation¬ 
ships  for  Ejj(r)  to  determine  the  velocity  profile,  u(r), 
they  obtained  the  result  Nu  »  Nu  {x,Pr^}.  They  inverted 
this  relationship  to  obtain  Pr  *Pr  {Nu(x)}.  If  Pr  is 
considered  one-dimensional,  comparison  of  experimental 
measurements  of  Nu(x)  with  calculated  values  of  Nu(x)  can 
be  used  to  determine  Pr^(r).  McEligot  et  al .  [16]  pointed 
out  that  direct  inversion  would  be  difficult,  and  itera¬ 
tive  use  of  the  numerical  procedure  described  in  the  pre¬ 
vious  paragraph  was  used.  The  radial  variation  of  the  tur¬ 
bulent  Prandtl  number  was  assumed  to  be 

Pr  =  <y/r„).  (23) 

d(y/r  ) 
w 

The  results  of  McEligot  et  al.  [16]  showed  that  a 


change  of  Pr^  in  the  wall  region  from  1  to  ^  caused  changes 
of  30  to  45  percent  in  Nu(x),  whereas  a  change  of  Pr^  in 
the  core  only  caused  small  changes.  For  air  at  a  Reynolds 
number  of  44500  and  a  Prandtl  number  of  0.72  they  deter¬ 
mined  that 

Pr  -  0.9  +  0.1  and  »  0.  (24) 

d(y/r  ) 

W 

The  typical  errors  of  the  experimentally  measured  Musselt 

numbers  did  not  allow  calculation  of  ^  ^^^t^ 

d(y/r  ) ’ 
w 

To  determine  £„(r)  in  this  investigation,  the  van  Driest 
M 

mixing  length  model  [43]  was  used  in  conjunction  with  the 


Relchardt  middle  law  [54]. 

^VD  “  ■  expC-y^/y£)l 

^VD  VD  Ty  *  ^VD‘  ^  [l+2(— )]/6  (25) 

w  w 

The  values  of  k  and  were  0.4  and  26,  respectively. 

With  these  constants,  the  predicted  friction  factors  agreed 
within  one  percent  of  equation  (11)  for  the  range  of  Rey¬ 
nolds  numbers  used  In  this  study.  In  this  study,  as  In  the 
study  by  McEllgot  et  al.  [16],  the  errors  In  the  experi¬ 
mentally  measured  Nusselt  numbers  did  not  allow  calcula- 
d(Prj.) 

tlon  of  ^ — J-.  The  Inlet  Reynolds  number.  Inlet  Prandtl 

number,  constant  properties  condition,  wall  heat  flux  var¬ 
iation,  and  different  values  of  Pr^  were  used  as  Input  to  the 
numerical  procedure.  For  the  first  three  diameters,  the 
experimental  axial  wall  heat  flux  variation  resembled  an 
exponential  approach  to  a  constant  value  as  x  Increased. 

For  the  remaining  length,  the  wall  heat  flux  was  constant 
within  two  percent.  The  same  axial  variation  of  wall  heat 
flux  was  used  for  all  of  the  constant  property  numerical 
calculations . 

From  the  numerical  analysis  the  axial  variation  of 


Nu^^  was  calculated.  By  comparing  graphs  of  the  experi¬ 
mentally  measured  Nu  and  the  calculated  Nu  (examples  In 

cp  cp 

Fig.  8),  Pr  for  helium-argon  mixtures  was  determined, 
t ,  w 

The  variation  of  Pr  with  respect  to  Reynolds  number  was 

t  I  w 

examined  by  comparing  different  Reynolds  numbers. 
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Q.  Ql 


but  the  same  Prandtl  number.  The  variation  of  Pr  with 

t,w 


respect  to  Prandtl  number  was  examined  by  comparing  Nu 


cp 


at  different  Prandtl  numbers,  but  the  same  Reynolds  num¬ 
ber  . 

Procedure  for  Studying  High  Heating  Rates 

As  mentioned  in  the  Introduction,  relatively  high 
heating  rates  could  possibly  occur  in  the  heater  tubes 


of  the  closed  Brayton  cycle.  To  calculate  Nu.  for  helium- 

D 


argon  mixtures  at  these  high  heating  rates,  the  numerical 
method  of  Bankston  and  McEligot  [42],  discussed  in  the 
previous  section,  was  used.  Properties  were  allowed  to 
vary,  and  the  relations  (9,10)  discussed  in  the  Gas  Prop¬ 
erties  section  were  used.  The  simple  van  Driest /Relchardt 


model  eqn.  (25),  and  Pr  determined  for  helium-argon 

C  f  w 


at  constant  property  conditions  were  incorporated.  No 


radial  variation  of  Pr^  was  included,  thus,  Pr  ■  Pr 

t  t  t  ,w 


The  axial  variation  of  wall  heat  flux  was  similar  to  the 
one  used  for  the  constant  property  calculations,  but  was 
modified  slightly  for  each  experimental  run  to  agree  with 
the  wall  heat  flux  variation  determined  from  the  experi¬ 
mental  measurements. 


The  axial  variation  of  measured  Nu.  from  two  helium- 

D 


argon  experimental  runs  was  compared  to  the  calculated 


axial  variation  of  Nu^.  From  a  series  of  runs  with 


approximately  equivalent  inlet  Reynolds  and  Prandtl  number 
the  runs  with  the  highest  and  lowest  heating  rate  were 


chosen.  Since  the  Pr^  used  was  for  constant  properties, 
one  would  expect  agreement  of  measured  and  calculated  Nu^ 
at  the  low  heating  rate.  If  the  measured  and  calculated 
Nu.  at  the  high  heating  rate  agreed,  this  would  validate 

D 

the  use  of  Pr^  determined  from  constant  property  conditions 
for  conditions  in  which  properties  varied  significantly. 

If  the  results  at  the  high  heating  rate  did  not  agree,  this 
might  indicate  that  either,  Pr^  determined  for  constant 
properties  couldnot  be  used  for  variable  property  conditions 
or  that  some  other  phenomenon,  such  as  the  Soret  effect,  was 


Turbulent  Prandtl  Number  Results  and  Discussion 


Fig.  3  illustrates  examples  of  the  comparisons  between 


measured  Nu  and  calculated  Nu  used  to  determine  Pr 

cp  cp  t,w 

Examples  for  three  Reynolds  numbers  and  two  Prandtl  numbers 

are  shown.  Curves  of  the  calculated  Nu  are  Included  at 

cp 

four  different  Pr^  (0 . 9 , 1 . 0 , 1 . 1 , 1 . 2) .  Brackets  indicating 

the  experimental  error  of  the  measured  Nu  are  also  included 

cp 

Because  of  the  large  error  in  the  immediate  thermal  entry, 

only  results  for  x/D  greater  than  eight  were  used  to 

determine  Pr^ 

t,w 

Fig.  8a  shows  the  measured  and  calculated  Nu  for  a 

cp 

helium-argon  mixture  with  a  molecular  weight  of  15.30, 

Prandtl  number  of  0.419,  and  Reynolds  number  of  32000. 

By  examining  results  of  similar  graphs,  Pr  was  determined 

t ,  w 

to  be  1.1  ±  0.1  for  helium-argon  mixtures  with  molecular 


i: 

a  m 

? 


m  m 


weights  of  approximately  15,  Prandtl  numbers  of  0.42,  and 

Reynolds  numbers  between  32000  and  55200.  The  measured 

and  calculated  Nu  are  shown  In  Fig.  8b  and  8c  for  a  hellum- 

cp 

argon  mixture  at  a  molecular  weight  of  29.70,  Prandtl  number 

of  0.486,  and  Reynolds  numbers  of  31600  and  82100.  From 

results  of  similar  graphs,  Pr  was  determined  to  be 

t ,  w 

1.0  ±  0.1  for  helium-argon  mixtures  with  molecular  weights 

between  27  and  30,  Prandtl  numbers  between  0.46  and  0.49, 

and  Reynolds  numbers  between  31600  and  102000. 

The  effect  of  Reynolds  number  on  Pr  can  be  examined 

t » w 

qualitatively  using  the  results  In  Fig.  8b  and  8c.  These 
results  are  for  the  same  Prandtl  number  (Pr  «  0.486),  but 
Reynolds  numbers  of  31600  and  82100.  For  x/D  greater  than 
eight,  and  at  the  low  Reynolds  number,  the  measured  Nu 

cp 

are  slightly  below  the  calculated  Nu  for  a  Pr  of  1.0. 

c  p  t ,  w 

At  the  high  Reynolds  number  and  same  axial  length,  the 

measured  Nu  are  slightly  above  the  calculated  Nu  for  a 
cp  ^  cp 

Pr  of  1.0.  For  the  stated  conditions.  It  appears  that 
t ,  w 

Pr  has  a  weak  dependence  on  Reynolds  number,  and  decreases 

C  ,  w 

slightly  as  the  Reynolds  number  Increases. 

The  effect  of  molecular  Prandtl  number  on  Pr^  can  be 

t  ,w 

examined  using  the  results  from  Fig.  8a  and  8c  summarized  In 
Table  2.  The  results  (24)  of  McEllgot,  Pickett  and  Taylor 
[16]  for  air  may  also  be  used  since  the  mixture  results  appear 
to  show  that  Pr  varies  only  slightly  with  Reynolds  number. 

t  » w 

Table  2.  Variation  of  Pr  with  respect  to  Prandtl  number. 


Gas 

Molecular 

Weight 

Prandtl  Pr 

Number  ^ 

Reynold 

Number 

Helium-argon 

Helium-argon 

Air 

15.30 

29.70 

28.97 

0.419  1.1  ±  0.1 
0.486  1.0  ±  0.1 
0.72  0.9  ±  0.1 

32000 

31600 

44500 

For  Che  range 

of  Prandtl  numbers  in  Table  2,  Pr 

t  ,w 

has  a 

relatively  strong  dependence 

on  Prandtl  number  and 

decreases 

as  Prandtl  number  Increases.  This  dependence  agrees  with 
Chat  (equation  4)  noted  by  Reynolds  [l3]. 

High  Heating  Rate  Results  and  Discussion 

Fig.  9  shows  Che  results  of  the  measured  and  calculated 
axial  variation  of  Nu.  for  Che  two  experimental  runs  that 

D 

were  investigated.  The  two  runs  were  for  a  helium-argon 

mixture  at  a  molecular  weight  of  29.70,  inlet  Prandtl 

number  of  0.486,  inlet  Reynolds  numbers  of  32000  and  31200, 

and  maximum  heating  rates  of  q  ■■  0.0006  and  q  ■  0.0032. 

Since  at  a  Pr^  value  of  1.0,  the  measured  Nu  in  Fig.  8b 
t  cp 

were  slightly  below  the  calculated  Nu^p,  a  Pr^  value  of 
1.02  was  used.  The  constants,  "a"  and  "b"  in  equations 
(9)  and  (10)  were  0.772  and  0.741,  respectively.  For  both 
heating  rates,  Che  calculated  axial  variation  of  Nu^  in 
Fig.  9  agreed  with  the  measured  axial  variation  of  Nu^, 
within  Che  accuracy  of  Che  measured  values.  From  this 
example,  it  appears  chat  Pr  determined  from  constant 

t  p  w 

property  results  can  be  used  to  calculate  Nu,  for  variable 

D 

property  conditions  with  heating  rates  up  Co,  q^  ■  0.0032. 

At  high  heating  rates  a  large  temperature  gradient 
exists  from  Che  wall  to  the  centerline  of  the  tube.  Ac 
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sufficiently  high  heating  rates,  the  possibility  of  separa¬ 
tion  of  the  helium  and  argon  due  to  the  Soret  effect  arises. 
If  separation  did  occur,  Nu^  at  a  particular  axial  location 

would  be  expected  to  change  since  pure  helium  or  argon  have 

higher  Prandtl  numbers  than  helium-argon  mixtures.  For 

the  high  heating  experimental  run  in  Fig.  9,  the  largest 

wall-to-bulk  temperature  ratios  occur  in  the  axial  range, 

8 . l<x/D< 16 . 4 .  In  this  axial  range,  the  measured  Nu  do 

b 

fall  slightly  above  the  calculated  Nu.  ,  but  this  can  not 

D 

necessarily  be  attributed  to  the  Soret  effect,  since  the 

calculated  Nu  are  within  the  experimental  accuracies  of 
b 

the  measured  Nu. . 

D 

The  effect  of  high  heating  on  the  axial  variation  of 
NUj^  can  be  examined  by  comparing  the  low  and  high  heating 
rate  results  in  Fig.  9.  Since  the  thermal  conductivity 
and  viscosity  of  helium-argon  increase  as  the  temperature 
increases  (equations  9,10),  this  causes  Nu  for  high  heat 

D 

flux  conditions  to  be  lower  than  Nu,  for  low  heat  flux 

b 

conditions.  In  the  immediate  thermal  entrance  region 
(x/D<5),  the  small  rise  in  bulk  gas  temperature  has  not 
caused  significant  bulk  property  variation,  and  the  Nu, 

D 

for  the  two  heating  rates  are  approximately  the  same.  In 

the  fully  developed  region,  the  large  rise  in  bulk  gas 

temperature  has  caused  large  property  variations,  and 

Nu.  are  quite  different.  At  x/D  »  57,  Nu,  for  q^  ■ 
b  ^  b  ^Max 

0.0032  is  29  percent  lower  than  Nu,  for  q^  ^  nnnc. 

b  ^Max  -  0.0006. 


CONCLUSIONS 


The  object  of  this  investigation  was  to  study  the 
momentum  and  heat  transfer  characteristics  for  turbulent 
flow  of  helium-argon  mixtures  in  tubes.  Experimental 
results  were  compared  to  existing  experimental  correlations, 
and  to  results  from  a  numerical  analysis.  From  this 
investigation  the  following  conclusions  have  been  made: 

1.  Existing  experimental  correlations,  such  as  the 
Drew,  Koo,  and  McAdams  relation  [34], 
f  -  0.0014  +  0.125  Re“°‘^^ 


predict  the  helium-argon  adiabatic  friction  factors 
within  ±4.0  percent  for  turbulent  flow  in  tubes  with 
Reynolds  numbers  between  31200  and  102000. 

2.  A,  correlation  suggested  by  Taylor  [36], 


f  =  (0.0014  +  0.125  Re^°'^^) 
predicts  average  friction  factors  within  ±10  percent 
for  heated  turbulent  flow  of  helium-argon  mixtures  in 
tubes  with  inlet  Reynolds  numbers  between  31200  and 


102000. 

3.  Dittus-Boelter  type  correlations  developed  from  air 
and  helium  experimental  data 

Nu  =-  0.021  Re®*®  Pr®*^ 

overpredict  helium-argon  Nusselt  numbers  for  constant 
property,  fully  developed  conditions  by  as  much  as  17 
percent..  An  equation  of  similar  form. 
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but  with  the  exponent  of  the  Prandtl  number  changed  to 
0.55  predicts  constant  property  Nusselt  numbers  of 
helium-argon  mixtures  within  ±5.0  percent.  The  range 
of  Prandtl  numbers  was  between  0.419  and  0.486,  and  the 
range  of  Reynolds  numbers  was  between  31200  and  102000. 

4.  For  the  same  range  of  Reynolds  numbers  and  Prandtl 
numbers,  the  entrance  and  properties  variation  effects 
can  be  accounted  for  by  using  the  equation 

Nu,  -  0.021  Re?*®  Pr?*^^  [  (T  +  0.85  D/x] . 

D  DO  W  D 

This  equation  predicted  the  bulk  Nusselt  numbers  of 
helium-argon  mixtures  within  ±15  percent  for  x/D  between 
2.1  and  81.6  and  a  maximum  wall-to-bulk  temperature 
ratio  of  1.82. 

5.  For  helium-argon  mixtures  with  molecular  weights 
between  14  and  20,  Prandtl  numbers  of  0.42,  Reynolds 
numbers  between  32000  and  55000,  and  constant  property 
conditions  the  turbulent  Prandtl  number  in  the  wall 
region,  Pr^  was  determined  to  be  1.1  ±  0.1. 

6.  For  helium-argon  mixtures  with  molecular  weights 

between  27  and  30,  Prandtl  numbers  between  0.46  and  0.49 

Reynolds  numbers  between  32000  and  102000,  and  constant 

property  conditions  Pr  was  determined  to  be  1.0  ±  0.1 

t ,  w 

7.  For  Reynolds  numbers  between  30000  and  100000, 

Pr^  is  a  weak  function  of  Reynolds  number.  For  the 
t,w 

Prandtl  number  range  between  0.42  and  0.72,  Pr  is 


a  strong  function  of  Frandtl  number,  and  decreases 
as  Prandtl  number  Increases. 

8.  At  maximum  wall  heating  rates  of  >  0.0032 

(  (T  /T,  )  -  1.78),  Pr^  determined  from  constant 

w  D  Max  c ,  w 

property  conditions  can  be  used  In  a  variable  properties 
numerical  analysis  to  calculate  Nu^(x).  For  the  par¬ 
ticular  experimental  run  studied  (Re^  «  31200,  Pr^  *  0.486 

Pr  ^  Pr  »  1.02),  calculated  Nu, (x)  agreed  with  meas- 
t ,  w  t  D 

ured  Nuj^(x),  within  the  accuracy  of  the  measured  values. 

No  separation  of  the  helium-argon  mixture  was  apparent. 
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APPENDIX  A. 
Gas  Properties 


Heliiim 


Molecular  Weight  •  4*0026 

Specific  Heat  at  Constant  Pressure  ■  1.24036  BTD/LB-H 


Temperature 

(P) 

40.00000 
70.00000 
LOC. 00000 
130.00000 
140.00000 
190.00000 
220.00000 
250.00000 
230.00000 
310.00000 
34C .00000 
370.00000 
400.00C00 
430.00000 
450.000)0 
490.00000 
520.00C00 
550.00000 
530.00000 
610.00000 
540.00000 
670.0CC00 
700. OCCOO 
730.00000 
760.0000  ) 
790.00C00 
320.00000 
850.00000 
00000 
910.00000 
940.00000 
970.00COO 
loco. 00000 
1030.00000 
1060.00000 
1090.00000 
1120.00000 
1150.00000 
1190.00000 
1210.00000 
1240.00000 
1270.00000 
1  300.00CJ'J 


Viscosity 

(LB/PT-HR) 

4.5339250E-02 
4.7348801E-02 
4.93C16726-02 
5.1202696E-02 
5.3056299F-02 
5.4866529E-02 
5.6b370«4E-02 
5.a371342E-02 
6.0072394E-02 
6.17430666-02 
5. 3ol2572E-02 
6,51925766-02 
6.6752529E-02 
6.82933466-02 
6.9915o69£-0? 
7.13208796-02 
7.2809100P-02 
7.4281207E-02 
7,5  73  7325E-02 
7.71795436-02 
7, s60fc9C3£-02 
8.00204356-02 
3  ,  I  H  2  Cl  b  I'l  7 1  -  0  2 
8.2807678E-02 
3.41626786-02 
8.55454096-02 
3 .o394453E-)2 
8.32361736-02 
8 ,95649nE-02 
9.08829896-02 
9.21907186-02 
9.34883916-02 
9. 4770237E-02 
9.60546716-02 
9, 73237976-02 
9.35839086-02 
9,9635234F-02 
1.01078006-01 
l,0231241E-Cl 
1.03538676-01 
1.04756936-01 
1.05967526-01 
1 . 0  71  704  7E-0i 


Conductivity 

(BTD/HR-PT-P) 

3.43539556-02 
8.80927416-02 
9.1726C70E-02 
9.52629375-02 
9.871 15775-02 
1.0207952E-01 
1.0537365E-01 
1.08600256-01 
1.11765076-01 
1.14873366-01 
1. 18351596-01 
1.212912UE-01 
1.24193505-01 
1. 27060206-01 
1.29892866-01 
1.32692946-01 
1.35461795-01 
1.38200656-01 
1.40910706-Cl 
1.43593026-01 
1.46248645-01 
1. 48878526-01 
1.51483555-01 
1.54C6456E-01 
1.56622405-01 
1.5915777E-01 
1.61c  7  L4C5-0  I 
1.64163956-01 
1.66636046-01 
1.69088376-01 
1. 71521415-01 
1.73935746-01 
1. 76331 8BE-01 
1.78710326-01 
1.81071536-01 
1.33415986-01 
1.05744OPE-O1 
1.88056256-01 
L.903525OC-01 
1.92634356-01 
1 . 94901026-01 
1.97153236-01 
1.9939133E-CI 


Sound  Velocity 
(PT/SEC) 

3.21610716+03 
3.3112430E+G3 
3.4037209E+03 
3.49375186+03 
3.58152036+03 
3.6671387E+C3 
3.75090116+03 
3.83273556+03 
3.91295676+03 
3.9915L80E+C3 
4*0685!>266+03 
4. 14417515+03 
4.21843256+03 
4,29140525+03 
4.36315766*03 
4.4337490E+C3 
4.50323396+03 
4.57166296+03 
4.63908266+03 
4,70553646+03 
4.77106476+03 
4.8357J51E+03 
4.89949286+03 
4,96246065+03 
5.0246394E+03 
5,08605eiE  +  f‘3 
5,14674396+03 
5.2067224E+03 
5.2660i79E+C3 
5.32465306*03 
5.38264956+03 
5. 44002776+03 
5.49680706+03 
5.55300576+03 
5.60864146+03 
5.66373066+03 
5. 71823906+03 
5.77233196+03 
5.62587346+03 
5,87892735+03 
5.93150685+03 
5.98362426+03 
6.035291%i+03 


f* 
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cent 


Temperature 

(P) 


<»0. 
70. 
iOO. 
130. 
160  • 
190. 
220. 
250. 
280. 
310. 
3  40. 
370. 
400. 
430. 
460. 
490. 
520. 
550.' 
580. 
610. 
640.' 
670.' 
700.' 

730.1 
760.' 

790.1 
820.! 
8  50.( 
a«o,( 

910, ( 
9‘t0.( 

970.1 
1000..' 
1030, ( 

1060. V 

1090, ( 

1120. C 

1150. C 

iieo.( 

1210. c 

1240. C 
127a.C 
1300. C 


.00000 
.00000 
.00000 
.00000 
.00000 
•00000 
.00000 
.00000 
.00000 
.00000 
.'DOJOO 
.00000 
.00000 
.00000 
.00000 
.00000 
.00000 
.00000 
.  00000 
.00000 
.00000 
.00000 
.00 000 
.00000 
,00000 
.00000 
,00000 
.oocoo 

iOOCOO 

,00000 

OCCOO 

00000 

00000 

00000 

00000 

00000 

OCCOO 

00000 

00000 

00000 

00000 

00000 

00000 


Enthalpy 

(BTU/LB) 

6.1979399E+02 

6.570C470E4-02 

6.9421541E+02 

7 . 31426i2t+'C2 

7.6863683E+02 

8.05347546*02 

8.4305825E+02 

8.6026S96E+02 

9.17479676+02 

9.54690386+0? 

9. 91901096+02 

1.02911136+03 

1.0bo32256+03 

1.10353326+03 

1.14074396+03 

1.17795466+03 

1.21516546+03 

1.25237616+03 

1.28958686+03 

1.32579756+03 

1. 3640032E+03 

1.40121396+03 

1.43842966+03 

1.47564036+03 

1.51285106+03 

1.55006176+03 

1.5872725E+03 

1.62443326+03 

1.66X6939E+03 

1.69890466+03 

1.73611536+03 

1.77332606+03 

1.81053676+03 

1. 04774746  +  03 

1.08495816+03 

1.92215396+03 

1.95937966+03 

1.99659036+03 

2,03380106+03, 

2.07101176+03 

2.10822246+03 

2.14543316+03 

2.18264386+03 


Helixim>Argon 
Molecular  Weight  ■  15«30 

Specific  Heat  at  Constant  Pressure  •  0.32449  S^/LB«R 


Temperature 

(P) 

40. )0000 
70.00000 
iOO.OOoO J 
130.00000 
lf^C.00C00 
190.00COO 
200. ODOOO 
250.00000 

2eio.o  3 
310.00COO 
340.0CGO0 
370.00000 
4O0.00C00 
430.00000 
45o.onc(:.') 
490.00000 
520.00000 
550.00000 
5  .-3'o  .  K  O  'J  ) 
510.00000 
540.00000 
570.00000 
.  ■^OO.OOtOO 
730.00000 
750.00vjOO 
■790.00000 
=>20.000  OO 
350.00000 
see.  "JOC;  OO 
910.00000 
■♦40.00  000 
970.00000 
1000.00000 
1030.00000 
IJnO, 00000 
1090.0C000 
1120.00000 
1150.00000 
1130,00000 
1210.00000 
1240.  ')0000 
1270.00000 
1300.00000 


Visccsity 

(LB/FP-HR) 

5.2301373E-02 
5*4834472E-02 
5 . 73C231G6-02 
5.97O3821E-02 
3.205  7765E-02 
6,4352726E-02 
6. 359  70fl5t-02 
6.3794071E-02 
7 ,0  945<SO'^E  —  C2 
7.30577C9E-02 
7.5  LH3265E-02 
7.7215247E-02 
7  .  -#20  7939  =  -02 
8. 11692450-02 
3 , 3100943C-02 
3,500472lE-02 
3.3'Jo2134c-02 
9.9734662E-02 
9.  /719Q9?e-j2 
9.2501b48E-02 
9,42b3c21F-02 
9.50067406-02 
9. 77313H5E-02 
9.94384976-02 
l.,0112277£-01 
1,02802866-01 
1.044G140E— 01 
1 .06104976-01 
l.C  7734i3E-Oi 
1. 09349436-01 
1.11036296-01 
1,12632726-01 
l.l422745E-0i 
1.15780826-01 
1.17323116-01 
1 .18854616-01 
1.20375596-01 
1. 21836326-01 
1, 233=17066-01 
1.24870036-01 
1.26359476-01 
1.27831616-01 
1.29294656-01 


Ccnductivity 

(btu/hr-pt-f) 

4.06258106-02 
4.24737016-02 
4.42761746-02 
4.60364616-02 
4. 77575446-02 
4.94421696-02 
".  10Q28726-r>2 
5.27119886-02 
5.43C1672E-92 
5.58639176-02 
6.74798056-02 
5.89795706-02 
6.04580706-02 
6.19164246-02 
♦i.  33556  lQ£-02 
6. 47766086-02 
O.61FC27P6-02 
6,75674276-02 
6,9r?641Q6-0? 
7.03727626-02 
7.16953936-02 
7,30052946-32 
7.43C292C6-02 
7,55886976-02 
7.68630315-02 
7.81263006-02 
7. 93768546-02 
8.06210546-02 
6. 1  <=5  32246-'‘-2 
8.30756466-02 
6. 43039346-02 
8.55063166-02 
4,6699478^—02 
8.78848586-02 
6. 90rl4acc-02 
9.02299636-02 
9.13905116-0? 
9.25433236-02 
9. 35895866-02 
9.48264876-02 
9,59571956-02 
9,70608766-02 
9.4  19769 J--02 


Scund  Velccity 
(PT/SBC) 

1.6449620E4'03 
1.69362186+03 
1.74092206+03 
1.70697076+0 3 
1,83106226+03 
1.37557956+03 
1.91849646+03 
1. 96037336+03 
2.00133406+03 
2.0  91  C'>62  6  +  03 
2.08097276+03 
i 2.11904676+03 
2.15762766+03 
2 .19495146+03 
2,23165106+03 
>  2.267756«6+C3 
2.30329676+03 
!  2,3362  9656+03 
2.372  73016+03 
2.4067)966+03 
2,44023586+03 
2.47334706+03 
2.50597376+03 
2.53013026+03 
2,56993326+03 
2. 001  3  9  746  +  03 
2,63243676+03 
2.6631l43F  +  r  3 
2.69344256^03 
i  2,72341306+0  3 
2.75309686+03 
2. 7824444F+C3 
2.ail4336F+03 
2. 04022996+03 
2.86868636+03 
2,3966-)31  F+03 
2,92476846+03 
2,95241006+03 
2.97979536+03 
3.00693116+03 
3,03302426+03 
3.06043106+03 
3.08690766+03 


Helium-Argon,  M  ■  15«30  eont 


Temperature 

(P) 


Enthalpy 

(BTU/LB) 


40. 
70. 
100. 
130. 
160. 
190. 
320. 
250. 
230. 
310. 
340. 
370. 
400. 
430. 
490. 
490. 
520. 
950. 
J30. 
610. 
640. 
670. 
700. 
730. 
760. 
790. 
320. 
850. 
390. 
910. 
^40. 
970. 
1000. 
1030. 
1  JoO. 
1090. 
1120. 
1150. 
1190. 
1210. 
1240. 
1270, 
1300. 


00000 
000 00 
00000 
00000 
00000 
00000 
00000 
00000 
00000 
00000 
00000 
oocoo 
00000 
00000 
oocoo 
00000 
oocoo 
ooooa 
oocoo 
00000 
00000 
00000 
00000 
00000 
00000 
00000 
00000 
00000 
00000 
00000 
00000 
00000 
oocoo 
00000 
000  JO 
00000 
00000 
00000 
oocoo 
00000 
00000 
00000 
oocoo 


1.6214297E+02 
1.7ia7753t+02 
1. 81612206+02 
1 .9134o9it  +  02 
2.010fel42c+02 
2.10319O4E+02 
2.2055065E+02 
2.302b527E+02 
2.400i938E+02 
2.4975449c+0? 
2.5948911E+02 
2.6922372E+02 
2.7895833E+02 

2. d3o92-)5E  +  02 
2.9842/566+02 

3. C3lft217E+02 
3.1789679t+02 
3.27621+J6+02 
3.37366026+02 
3.471CCo3E+02 
3.56835246+02 
3 .6O3f>996t  +  02 
3, 76304476  +  02 

3. e6039J3E+02 
3.95773 /OE+02 
H  .C j5u9  3 lE  +  02 
4.15242926+02 
4.2497754E+02 
4. 34712156  +  02 
4.44446  /7c  +  02 
4.54181386+02 
4.639i599E+02 
4.7365061E+02 

4, b33t522c  +  'J2 
4.93119836+02 
5.02954 .56  +  02 
3. 1258906E  +  02 
5. 22323576+02 
5.32058296+02 
5.41742  ->06  +  02 
5.5152752E+02 
5.61262  13c  +  02 
9.70996746+02 


Hellujn-Ar^on 
Molecular  Weight  ■  13*83 

Specific  Heat  at  Constant  Pressure  >  0.31362  STU/LB^R 


Temperature 

(P) 

^C.IOC  30 
70,00000 
100.00000 
130.00000 
160.00000 
190.00COO 
?,?0, 00000 
250.00000 
2  ■i  0.00000 
310.00000 
340. 30C0.3 
370.00000 
4C0. 00000 
430.00000 
460.0C03J 
490.00000 
520.00000 
550,00000 
5  3  0,000.10 
610,00000 
340,  OC'COO 
670.00000 
700. 300-)') 
73&.OOCOO 
7bC',''30C0O 
790.00000 
320,0CCO3 
350.00000 
6 3C  ..303.00 
910,00000 
9 4 n. 000  30 
970.00000 
10O0.0''C00 
1030.00000 
10.50.00030 
1090.00000 
1120.00000 
1150.00000 
iiao.oocoo 

1210.O0C0O 
1240. '30000 
1270.00000 

liCO.OOOnO 


Viscosity 

(LB/PT-HR) 

5.23846i3E-02 
5.49235175-02 
5.74071165-02 
5.98242915-02 
0.21837635-02 
6,44890795-02 
o,674o6C  4  c — 0  2 
6.8950516E-02 
7. 1  1128095-02 
7.3233293E-02 
7,53701455-02 
7.74O5604E-O2 
7, 94G7^06E-02 
8.1377329E-02 
d.3318152E-02 
8.5230263E-02 
8 . 7115747E-02 
a,8976092E-02 
},C96d3o6E-C2 
9.2757737E-02 
9.472  7012F-02 
9.6277033e-02 

9.. 3  0C8  5  96E-0  2 
9.9722451E-02 
1.0141931E-01 
1,0309984E-01 
1 .0476467E-C1 
1.064i44lE-01 
1 ,0804964E— 01 
l,09670e9E-01 
L. 11421822-01 
1.13C0326E-01 
1 . 145  7297t-0l 
1.16131276-01 
1.1 767846E-C1 
1. 1921433E-01 

1.. 2074C>6oF  —0  I 
1.2225620E-01 
L.2376172E-01 
i.2525745E-01 
1 .2674362E-01 
1.2822046E-01 
1,296^818E-01 


Conductivity 

(BTD/HR-PT-P) 

3.9396159E-02 
4.119C434E-02 
4,29407c3£-02 
4.465C306E-02 
4.6321867E-02 
4.7958105E-02 
4, 9561456E— 02 
5.1134167E-02 
7.267&312E-0? 
5,41950O7£-O2 
5.57M774E-02 
5.7219141E-02 
5.86557776-02 
6.0072747E-02 
o. 14710^26-02 
6.2851537E-02 
-^.4?15242E-02 
6.5562812E-02 
6.6992407E-02 
6.82895975-02 
0.98739385-02 
7. 09459006-02 
7,21059266-02 
7,33544336-02 
7.459181'=-02 
7.56184426-02 
7.7C246‘‘5E-32 
7,82408l7E-02 
7.94372125-02 
8.Ce24150E-02 
6.18163465-02 
3.29856375-02 
3.4144452E-02 
8.52948906-02 
8.6437Z21E-32 
8.7571654E-02 
8,66983895-0  2 
8,98176196-02 
9.09295266-02 
9.2034297E-02 
9. 3132C7C5-0  2 
9.4223C37E-02 
9, 73C7343c— 02 


Sound  Velocity 
(PT/SBC) 

1.6171903E+03 
1.66502866+03 
1.7115303E+03 
1.75680156+03 
1.8009351E+03 
1.84401276+03 
1,88610676+03 
1.9272915E+C3 
1.9675949E+03 
2.00709876+03 
2.04583996+03 
2.0838609E+03 
2.1212006E+03 
2.15739436+03 
2,19397436+03 
2.2294706E+C3 
2.2644104E+03 
2.29881935+03 
2.3327207E+03 
2,36613646+03 
2,39908676+03 
2,43159065+03 
2. 46366566+03 
2,49532846+03 
2.52659456+03 
2.55747835+03 
2.58799366+03 
2.6181532E+C3 
2.64796946+03 
2.67747365+03 
2,70661666+03 
2,73546076+03 
2.76401966+03 
2. 79227876+03 
2.82025466+03 
2,34795576+03 
2.87533996+03 
2,90256486+03 
2,92948776+03 
2.95616546+03 
2.98260456+03 
3.008oil3E+03 
3,03479176+03 


1 


47 


Helium-Argon,  M  ■  15*83  cont 


Temperature 

(P) 

40.00C00 
70,00000 
100.00000 
130.00000 
160.00000 
190,00000 
220.00000 
250.00000 
230.00000 
310.00000 
340.00000 
370.00000 
400.00000 
430,00000 
460.00000 
490.00000 
52C. 00000 
550.00000 
530.00000 
610.00000 
640.OOC00 
670.00000 
700.00000 
730.00000 
760.00C00 
790,00000 
320.00000 
850.00000 
300.00000 
910.00000 
^40.00000 
970.00000 

looo.orooo 

1030,00000 

1060.00C30 

1090.00000 

1120.00000 

1150,00000 

llaO.OOCOO 

1210.00000 

1240,00000 

1270.00000 

1300.00000 


Ekithalpy 

(BTU/LB) 


1.5671430E+02 
1.6512300E>02 
1.7553169E4-02 
1.349^0  i8t  +  02 
1.9434907E+02 
2.03757766+02 
2.1316645E+02 
2.22575156+02 
2.3196334E+02 
2.41392536+02 
2.503G122E+02 
2.60209916+02 
2.6961860E+02 
2.79027306+02 
2.88435996+02 
2.97344336+02 
3.O725337E+02 
3. 16662  ■)oE  +  02 
3.26070756+02 
3.3547945E+02 
3.44388  14E  +  02 
3.54296836+02 
3.63705526+02 
3,7311421E+02 
3.8252290E+02 
3.9l9:no0E  +  02 
4, 01340296+02 
4.10743  98E  +  02 
4.2O15767E+02 
4, 2956c 366+02 
4.3897505E+02 
4.45363756+02 
4 .5779244E+02 
+  .67201-136+02 
4. 7660932E+02 
4,6501351c+02 
4.9542720E+02 
5.04385596+02 
5.14244596+02 
5.23o53296+02 
5.33061976+02 
5.42470666+02 
5.51879356+02 


Helium-Argon 
Molecular  Weight  ■  27*53 

Specific  Heat  at  Constant  Pressure  ■  0*18034  BTU/LB-R 


Temperature . 

(P) 

40.00000 
70.00000 
100.00000 
130.00000 
160.00000 
190.00000 
220.00000 
250.00000 
290,00000 
310.00000 
340.00000 
370.00000 
400.00000 
430.00000 
460.00000 
490.00000 
520.0CC00 
550.00000 
530,00000 
610.00000 
640.00000 
670.00000 
700.00000 
730.00000 
760.00000 
790.00000 
920.00000 
950.00000 
980.00000 
910.00000 
940.00000 
970.00000 
1000.00000 
1030.00000 
1060.0000  ) 
1090.00000 
1120.00000 
1150.00000 
1180.00000 
1210.00000 
1240.00000 
1P70. 00000 
1300.00000 


Viscosity 

(LB/PT-HR) 

5.2563842E-02 
5.5227557e-02 
5.78272606-02 
6. 03658536-02 
6.2346258E-C2 
6.5271322E-02 
o. 7643647P-02 
6. 99665376-02 
7.22419976-02 
7.44727226-02 
7.6o7C2216-02 
7.88170216-02 
8.09260156-02 
8.2999207E-02 
8.50384976-02 
8.70456876-02 
8.90224816-02 
9.09704926-02 
9.29842346-02 
9.48649276-02 
9.67218456-02 
9.85560916-02 
1.00368716-01 
1.02160706-01 
1.03932996-01 
1.05686436-01 
1.07422016-01 
1.09140406-01 
1.10842396-01 
1.12526716-01 
L.  14506196-01 
1.16134656-01 
1. 17751076-01 
1.19355796-01 
1.20949126-01 
1.22531346-01 
1.24102746-01 
1.25663596-01 
1 .27214156-01 
1.28754666-01 
1 .30285376-01 
1.31806496-01 
1.33318266-01 


Conductivity 

(BTD/HR-PT-P) 

2. 04345226-02 
2.14021326-02 
2.23473366-02 
2.32714346-02 
2.41756476-02 
2.50611306-02 
2.59289656-02 
2.67801696-02 
2.75156966-02 
2.84364386-02 
2.92536*76-02 
3.00455816-02 
3.08252256-02 
3.15932206-02 
3,23501576-02 
3.30966326-02 
3.38331456-02 
3. 45602056-02 
3.53344116-02 
3.60320886-02 
3.c7222*^S-C2 
3.74051906-02 
3.80812096-02 
3.87505756-02 
3.94135476-02 
4.00703666-02 
4.0  72126*6-0? 
4.13664606-02 
4.20061626-02 
4.26405666-02 
*.33155366-02 
*.39356326-02 
*.*55121*6-02 
4.51624026-02 
4.57693136-02 
4.63720576-02 
4,69707386-02 
4.75654586-02 
4.61563136-0  ? 
4.87433966-02 
4.93267966-02 
4.99065966-02 
5.04828806-02 


Sound  Velocity 
(PT/SEC) 

1.2263050E+03 
1.26253C4E+C3 
1. 29784236+03 
1.33217126+03 
1.36563746+03 
1.39630296+03 
1.43022256+03 
1.4614V51 6+03 
1. 49201456+03 
1,52197006+03 
1,5513*716+03 
1.55017836+03 
1,60849276+03 
1.63631736+03 
1,66367656+03 
1.49059316+C3 
1,71703786+03 
1. 7431  7  98  6  +  03 
1. 76888706+03 
1.79422596+03 
1.81921196+03 
1.84383946+03 
1,86013176+03 

1.39219146*0,3 
1.91590026+03 
1.9393192b+(' 3 
1,96243886+03 
1,93532876+0" 
2.00793816+03 

2, 03029576  +  013 

2.05240986+03 
2.07423526+03 
2.09593826+03 
2.1173-3696+03 
2,13858086+03 
2,15953646+03 
2.18033966+03 
2.20099616+03 
2.22141166+03 
2.24164116+C3 
2.26168976+C3 
2.2815021 6+03 
2.30125296+03 


HeliTim-Argon,  M  ■  27.53  cont 


Temperature 

(P) 


40.00000 
70.00000 
iOO.OOCOO 
130.00000 
160.00000 
190.00000 
220. OCOOO 
250.00C00 
280.00000 
310.00000 
840.0C000 
370.00000 
400.00000 
430.00000 
460.  lOCCO 
490,00000 

820. 30000 
550.00000 
8^10.  OCOOO 
61C.00C00 
640.00000 
670.00000 

700. 30000 
730,00000 
760.00000 
790.00000 
J20.0C0J0 
850.00000 
380,00000 
910.00000 
940,00000 
970.00000 

LOCO, 00000 
1030.00000 
1060.00000 
1090.00000 
1120, OOOOO 
1150.00COO 
1180,00000 
1210.90000 
1240.00C00 
1270.00000 
HOO. 00000 


9,01l2148E+01 
9.8522231t+0l 
1.0093231E4-02 
l,0634240E+'02 
1.1175248E4>02 
1.  l716286E<-02 
1.22b7265E9-02 
1.2798273C+02 
l.33392aiE*02 
1.3.88C2  90e-*-02 
l.442l29dE+02 
i.,4982306E  +  02 
1.5503315E+02 
L.6044323E-*-02 
l.b5ab331£-*-02 
1 .7l26340c^02 
1.7667348E<-02 

1. d2Ce38oE<-02 
1.8749364E4-02 
1,929C373E+C2 
1.9831381E602 
2 .0372389E^02 
2.09t339«e+02 
2.1454406t+02 
2. 1995414E+02 
2.2536423e4-02 
2.3077431E+02 
2.3cl6439E+02 
2.4159448E+02 
2 ,470C45.6c>02 

2, b24I464E9-02 
2.5782473C+02 
2.6323481E^02 
2  •6d6H4c9c  +  02 
2, 7405497E+02 
2 . 794t8  06E'*'02 
2.84d75l4£*02 
2.902e822e+02 
2.95b9b3lt4’02 
3.O11C539E+02 
3.0651547E+02 
3,1192886E+02 
3.1733564E+02 


Helium>Argon 
Molecular  Weight  >  29.70 

Specific  Heat  at  Constant  Pressure  ■  0.16716  BTU/LB-H 


S 


.V 

.v: 


Temperature 


(P) 


Viscosity  Conductivity 

(LB/PT-HR)  (BTO/HH-PT-P) 


Sound  Velocity 
(PT/SBC) 


i 


40.00000 
70,00000 
100.00030 
130.00000 
160.0C030 
190.00000 
iZC. 33030 
250.00000 
2>?0. 00000 
310.00000 
340.00000 
370.00000 
4C  0 . ooc  oo 
430.00000 
460 .00 jOO 
490. 00000 
•520.30000 
550.00000 
•»'»0.300  30 
610.00COO 
s)40. 33GOO 
670,00000 
700. JCC33 
730.00000 
760.00030 
790,00000 
320.30C30 
850.00030 
H 8 0.000 30 
910.00000 
00003 
970.00000 
lor.o.  000  33 
1030.00000 
1060.30000 
1090.00000 
1120.00003 
1150.00000 
1190.00033 
1210.00000 
1240.  OOl/OO 
1270,00000 
L  80(,  ,0:'w33 


5.2419661E-02 
5.5089766E-02 
5.76Q7317E-02 
6.0244079E-02 
6.2  ?32633c-02 
6.5166339E-02 
6. 75472999-02 
6.9d7a341E-02 
7.2162005F-02 
7.44C07286-02 
7.66C2596E-02 
7.8757404E-02 
9.3374C35E-02 
8.29544046-02 
8.500C641E-02 
a. 7014303E-02 
9.8997171P-0? 
9.0950857E-02 
9. 2953909E-02 
9.48419086-02 
9.6  7(/5728E-02 
9.85464076-02 
1.00365036-01 
1.0216262E-01 
1.33940166-01 
I.O569056E-O1 
1 .Q743971E-01 
1 .09161436-01 
1. l0Po752P-0i 
1.1255773E-01 
1. 14564356-01 
1.1619396E-01 
1 . 1 7B11546-01 
1.1941741E-01 
1 . 2101187E-01 
1.2259524E-01 
1 .24167786-01 
1.2572976E-01 
1.27281456-01 
1.28823096-01 
1,3035492E-01 
1,31877166-01 
1. 3339G04E-01 


1.80719356-02 
1.8936920E-02 
1.97819926-02 
2.05C82176-02 
2.14166696-02 
2.2208326E-02 
2.29641266-02 
2.3744946E-02 
2. 44916226-02 
2.5224934E-02 
2.5952C9f  E-02 
2.66597586-02 


2.73562556-02 
2.8042132E-02 
2.P717935E-02 
2.9384130E-02 
3.0041 35CE-02 
3.06699036-02 
3. 13766226-02 
3.19993966-02 
3.2615263E-02 
3.32245126-02 
3.33274176-02 
3.4424234E-02 
3.50152096-02 
3.56C0570E-02 


3.61805396-02 

3.6755321E-02 

3.73251146-0? 

3.78901046-02 


3.35C2C97E-C2 
3. 90531376-02 
3.96CC2“‘^  6-02 
4.0143436E-02 
4.06628046-02 
4.1218466E-02 
4.17505176-02 
4.22790466-02 
4.20041386-02 
4.33258776-02 
4.38443406-02 
4. 43596036-02 
<..^►871  7396-02 


1.18065606+03 
1.2155311E+03 
1.2495304E4-C3 
1.2a253l46+C3 
1.3l48’3ieE  +  03 
1.3462513t^C3 
1.3769327t*C3 
1. 407G430P+G3 
1.4364745E+03 
1.4o53l496>03 
1.4935985E+03 
1.5213564^+03 
1.5486168E+03 
1. 5754356E  +  03 
1.6017465E«'03 
1.5276611F+03 
1.6531695E4C3 
1.6762902E+''3 
1. 70304056+03 
1.7274362E+C3 
1.75149216+03 
1.77322205+03 
1.79863906+03 
1.8217549^+03 
1.8445812E+03 
1.8&712S4E+C3 
1.88940666+03 
1.91143526+03 
1.9331929E+03 
1.95h7153E+0? 
i. 97600926  +  03 
1.99707326+03 
2.0179173E+03 
2.0385+82E+03 
2.05897256+03 
2. 07919616+03 
2.0992249E+03 
2.1190a44P+03 
2.13871996+03 
2. 15019646  +  03 
2.17749876+03 
2.19663146+03 
2.21559886+03 


Helium-Argon,  M  «  29,70  cent 


Temperature 

(P) 

40.00000 
:  “70*00000 
lOO.OCOOO 
130.00000 
140.00000 
190.00000 
220.00000 
250.00000 
280.00000 
310.00000 
340.0COOO 
370.00000 
400.00000 
430.00000 
460.00000 
490.00000 
520.00C00 
550.00000 
580.00000 
610.00000 
640.00000 
670.00000 
700.00000 
730.00000 
760.0CC.00 
790.00000 
820.00000 
650.00000 
300.00000 
910.00000 
940.00000 
970.00000 
1000.00000 
1030.00000 
106C.00003 
1090.00000 
1120.0CC00 
1150.00000 
U6O.0COOO 
1210.00000 
1240.00000 
12TO.OOOOO 
1 300.00000 


Enthalpy 

(BTO/LB) 

8 .3528196£*01 
o.8b42997£+01 
9.3557r986+01 
9,8572599E+0r 
1.0358740E*02 
1.03riC^20E<-02 
1.1361700E+02 
l.l3o3l'<0E<-02 
1.2364660E+02 
l.2fl3t.l41£  +  02 
1.3367621E+02 
1.38b4L01E-*-02 
1.4370581E+02 
1.48  7i;OolE  +  02 
1.53  7354lE-*>02 
1.587S021Ff02 
1.6376301E+02 
1.68 77 98  It +0  2 
1.73794Oit+02 
1.7830941F+02 

1. a332422E+02 
I .6d83902E+02 
l.9383332b+02 
1.98363S2E+02 
2.038e342E+02 
2.0889822t+02 
>.l39i302E+02 
2.189E782E+02 
2.2394262E+02 
2.28937426+02 
2.33972236+02 
2.389e793E+02 
2.4400i33E+02 
2.49'Jibb3E  +  02 
2.5403l43t+02 
2.5904623F+C2 
2.6406103E+02 

2. c907Doit+02 
2.74O9aoiE+02 
2.791C543E+02 
2.8412024E+02 
2.8913504E+02 
2.94l4984E+'02 


APPENDIX  B. 

EXPERIMENT 

Apparatus 

A  schematic  diagram  of  the  experiment  Is  shown  In 
Fig.  B1 .  The  helium  and  helium-argon  mixtures  were  bought 
from  manufacturers  In  high  pressure  bottles.  The  air  was 
obtained  from  a  large  storage  tank  that  was  replenished 
by  a  compressor.  Two  regulators  were  used  to  reduce  and 
stabilize  the  pressure.  A  Brooks  rotometer  was  used  to 
obtain  a  rough  measurement  of  the  flow  rate.  A  Bourdon 
tube  Helse  gage  measured  the  pressure  just  downstream  of 
the  rotometer.  A  small  tank  constructed  to  mix  the  gas, 
and  Instrumented  with  a  thermocouple  measured  the  Inlet 
stagnation  temperature.  A  sketch  of  the  test  section  from 
the  Inlet  to  just  below  the  outlet  mixing  tank,  and  dis¬ 
playing  the  location  of  thermocouples,  pressure  taps, 
electrodes,  and  voltage  taps  Is  shown  In  Fig.  B2. 

Power  was  measured  using  a  Fluke  differential  volt¬ 
meter  and  Weston  ammeter  In  the  same  manner  as  Perkins 
et  al.  [27].  Whenever  possible  the  power  supply  described 
by  Perkins  et  al.  [27]  was  used.  When  It  did  not  supply  suf 
flclent  pover  an  a . c .  Lincoln  welder  (Model  TM-500/500)  was 
used.  To  determine  a  power  factor  when  the  welder  was 


used,  the  power  measured  with  a  Weston  watt  meter  was 
compared  to  that  calculated  from  voltage  (Fluke  voltmeter) 


and  current  (Weston  ammeter)  measurements.  A  power  factor 
of  1.0  was  used  since  the  two  measurements  agreed  within 
3.3  percent. 

Thermocouple  output  was  measured  with  a  Hewlett 
Packard  digital  voltmeter.  An  Ice  bath  was  used  as  a  ref¬ 
erence  for  all  of  the  thermocouples.  Thermocouples  were 
selected  for  measurement  using  a  manual  switch.  The 
numbered  thermocouples  on  Fig.  B2  were  used  In  the  computer 
program  that  reduced  the  experimental  data  for  the  heated 
runs.  This  computer  program  Is  described  by  a  number  of 
people  [30,31,32,44].  The  unnumbered  thermocouples  were 
used  to  determine  the  amount  of  preheating  of  the  gas 
before  It  entered  the  heated  section. 

Pressure  drop  In  the  test  section  was  measured  with 
Merlam  60  Inch  vertical  water  or  mercury  manometers. 

Inlet  static  pressure  was  measured  with  a  Bourdon  tube 
Helse  gage. 

After  the  gas  passed  through  the  test  section,  it  was 
cooled  by  a  chilled  water  counterflow  heat  exchanger. 

The  valve  used  to  control  the  flow  rate  was  located  just 
downstream  of  the  heat  exchanger.  The  heat  exchanger 
was  necessary  In  order  that  a  Merlam  laminar  flow  element 
could  be  used.  The  laminar  flow  element  was  used  to 
obtain  an  accurate  measurement  of  the  flow  rate.  A  Merlam 
60  Inch  Inclined  water  manometer  with  a  10  Inch  range  was 
used  to  measure  pressure  drop  across  the  laminar  flow 


element.  The  temperature  of  the  gas  in  the  flow  element 
was  measured  with  a  thermocouple,  and  the  pressure  was 
measured  with  a  Meriam  60  inch  vertical  mercury  manometer. 
The  accuracies  of  the  instruments  used  in  this  investiga¬ 
tion  are  listed  in  appendix  C  (Table  Cl) . 

Procedure 

Before  any  experimental  runs  with  gas  flow  were 
performed,  the  test  section  was  heated  without  flow  in  order 
that  the  heat  lost  to  the  environment  and  the  resistance 
of  the  test  section  could  be  determined.  These  items  are 
discussed  in  detail  in  the  following  two  sections. 

The  system  was  purged  and  all  of  the  instruments 
zeroed  before  each  set  of  experimental  runs.  The  purging 
was  done  by  pressurizing  the  system  to  approximately  100 
psig  with  the  gas  to  be  used.  The  system  was  then  allowed 
to  blow  down  to  approximately  10  psig.  This  sequence  was 
performed  four  times. 

The  desired  inlet  Reynolds  number  was  established  by 
adjusting  the  pressure  level  and  mass  flow  rate.  Before 
power  was  supplied  to  the  test  section,  measurements  were 
taken  so  that  calculation  of  the  adiabatic  friction  coeffi¬ 
cient  was  possible.  The  measured  adiabatic  friction  coeffi¬ 
cients  were  compared  to  the  Drew,  Koo,  and  McAdams  correla¬ 
tion  [34]  (equation  11) ,  and  agreement  ensured  that  the 
pressure  measurements,  mass  flow  rate  measurements,  and 
mixture  molecular  weights  were  correct. 


The  test  section  was  then  heat 
Since  a  small  period  of  time  elapse 
were  manually  recorded,  pressure  dr 
voltage,  current,  and  mass  flow  rat 
taken  before  and  after  the  thermoco 
The  average  of  the  two  measurements 
reduction.  The  Inlet  Reynolds  numb 
approximately  constant  while  the  te 
ture  was  varied  by  varying  the  powe 
were  taken  for  a  number  of  dlfferen 


Heat  Loss  Calibration 

In  order  to  calculate  the  heat 
the  heat  addition  to  the  gas,  q' 

ges 

If  an  energy  balance  for  a  small  se 
performed,  the  result  Is: 

q'  =  q'  -  (q*  . 

^  gas  gen  cond 

The  heat  generated  In  the  small  sec 
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was  determined  from  data  supplied  by  the  manufacturer  [46]. 


K  =  [5.1  +  (0.00622) (T)](Btu/hr-ft-F)  (B4) 

(T  In  degrees  Fahrenheit) 

To  determine  the  heat  loss,  the  test  section 

was  heated  at  different  levels  without  gas  flow.  A  program 
described  by  Coon  [32]  was  used  to  calculate  the  heat  loss 
at  each  thermocouple.  The  heat  loss  was  determined  as  a 


function  of  the  tube  wall  and  environment  temperature 
difference.  The  environment  temperature  was  measured 
with  a  thermocouple  a  few  Inches  away  from  the  test  section. 
Figures  B3,  B4 ,  BS,  and  B6  show  the  results  for  each 
thermocouple  (thermocouple  4  Is  not  Included) .  Except 
for  thermocouple  three  and  four,  the  data  for  each  thermo¬ 


couple  was  fitted  with  an  equation  of  the  form: 

’’loss  (Btu/hr-ft)  (B5) 

(T^  -  T^  in  degrees  Fahrenheit) 

The  numerical  values  of  Cj^,  C2»  and  are  listed  below. 


Thermocouple 

^1 

s 

2 

2. 43E+00 

9.43E-03 

-2.53E-05 

5 

1. 22E-01 

1.84E-04 

-1.64E-08 

6 

9.83E-C)2 

2.30E-04 

-6.57E-08 

7 

8.84E-02 

1.66E-04 

-3 . 79E-09 

8 

8.30E-02 

1.35E-04 

3.07E-08 

9 

8.16E-02 

1.03E-04 

6.04E-08 

10 

7.89E-02 

1.12E-04 

4.96E-08 

11 

7 . 70E-02 

8.82E-05 

7.13E-08 

12 

7 .40E-02 

1.03E-04 

5.50E-08 

13 

7.54E-02 

8.08E-05 

7.59E-08 

14 

7 .31E-02 

9.77E-05 

5. 73E-08 

15 

8.09E-02 

8.07E-05 

7 . 46E-08 

16 

1.18E-01 

1.59E-04 

5.59E-08 

17 

2.76E-01 

1.14E-03 

1 . 19E-06 

The  data  for  thermocouple  three  was  fitted  with  a 


straight  line  determined  using  the  method  of  least  squares. 


q' -  2.20(Btu/hr-ft) 

(T^  -  T^  in  degrees  Fahrenheit) 

The  data  for  thermocouple  four  was  scattered  and  a  rep¬ 
resentative  curve  could  not  be  fitted.  For  this  reason 
the  heat  loss  at  this  thermocouple  was  neglected.  This 
Introduced  only  a  small  error  since  the  heat  loss  for 
thermocouple  four,  even  at  the  highest  heating  rates, 
was  less  than  five  percent  of  the  heat  added  to  the  gas 
The  fitted  curves  are  also  shown  on  Figures  B3,  B4,  B5, 
and  B6. 

Measurement  of  Test  Section  Resistance 

The  variation  of  resistance  with  temperature  was 
measured  by  heating  the  test  section  without  gas  flow 
in  the  same  manner  as  was  done  for  the  heat  loss  cali¬ 
bration.  Using  the  thermocouple  wires  as  voltage  taps, 
a  measurement  of  the  voltage  drop  between  thermocouple 
14  and  the  lowermost  thermocouple  on  the  tube  was  taken. 
Another  measurement  of  the  voltage  drop  between  thermo¬ 
couple  12  and  the  lowermost  thermocouple  was  taken.  The 
difference  between  these  two  measurements  gave  the  voltage 
drop  between  thermocouples  12  and  14.  The  section  of  the 
tube  between  thermocouples  12  and  14  was  used  since  the 
wall  temperature  for  this  length  was  approximately  constant 
For  a  particular  power  setting  the  voltage  drop 
discussed  in  the  previous  paragraph,  the  current,  and  the 


average  of  the  temperatures  at  thermocouples  12,  13,  and 


14  were  recorded.  Using  these  measurements  the  resistance 
per  unit  length  was  determined  as  a  function  of  temperature 


The  results  are  shown  on  Fig.  B7.  Also  shown  on  Fig.  B7 
Is  the  line  that  was  used  to  approximate  the  variation  of 
resistance  with  temperature. 

R'  ■  [3.98  X  10"^ (T)  +  4.745]  (mfl/in)  (B7) 

(T  In  degrees  Fahrenheit) 

Meriam  Laminar  Flow  Element  Calibration 

The  laminar  flow  element  was  calibrated  using  a 
Parklnson-Cowan  Type  D1  positive  displacement  flow  meter 
as  a  standard.  It  Is  specified  to  have  1/2  percent  accuracy 
at  ambient  conditions  and  was  calibrated  by  Tucson  Gas 
and  Electric  before  being  used.  Meriam  [45]  suggests  the 
following  equation  for  the  laminar  flow  element: 

AP  -  A’QUL/D^  +  B’pQ^/D^.  (B8) 

A'  and  B*  are  the  constants  to  be  determined  by  calibra¬ 
tion.  Since  the  length,  L,  and  the  hydraulic  diameter, 

D,  of  the  laminar  flow  element  passages  remain  constant, 
they  can  be  Incorporated  Into  new  calibration  constants, 

A  and  B. 

A  -  A'L/D^  B  -  B'/D^ 

Equation  B8  now  becomes: 

AP  -  AQu  +  BpQ^.  (B9) 

If  this  equation  Is  solved  for  Q  the  result  Is: 

Q  -  [-Ay/B  +  /(Ay/B)^  +  4pAP/B]/2p.  (BIO) 

If  both  sides  of  this  equation  are  multiplied  by  the 
density,  p,  the  result  Is: 


(BID 


m  =  pQ  -  l/2[-Ay/B  +  /(Ap/B)  +  4pAP/B]. 

Mass  flow  rate  measurements  were  taken  simultaneously 

with  the  positive  displacement  flow  meter  and  the  laminar 

flow  element.  Both  air  and  helium  were  used.  These 

gases  bound  the  range  of  helium-argon  mixture  molecular 

weights  that  were  used.  From  these  measurements,  A  and  B 

were  determined  so  that  the  maximum  difference  between  the 

positive  displacement  flow  meter  measurements  and  the 

laminar  flow  element  measurements  was  1.5  percent.  The 

numerical  values  of  A  and  B  were  1375  and  672,  respectively 

If  the  parameters  In  equation  Bll  have  the  following  units. 

m  -  Ib/sec 
y  -  Ib/hr-ft 

p  -  lb/ft3 

AP  -  Inches  of  water 


APPENDIX  C 

Uncertainty  Analysis 


An  analysis  to  determine  the  uncertainty  of  the  re¬ 
sults  calculated  from  the  measured  experimental  data  was 
performed.  The  uncertainties  of  the  directly  measured 
quantities  were  determined  from  manufacturers'  specifica¬ 
tions  and  experience.  Table  Cl  lists  the  uncertainties  of 
the  Instruments  used  in  this  investigation.  The  error 
propagated  to  the  calculated  results  from  the  uncertainties 
in  the  measured  quantities  was  determined  using  a  method 
described  by  Bottaccinl  [473*  The  general  equation  used 
was 


.  /ii  ^2^2  ,  .2^2 

^3Y2^  Y2 

'>2^2  ,  ,3Z  v2„2 

oa^  a^^  da2  ^2 


(Cl) 


is  the  variance  or  standard  deviation  of  the  xth  quantity 
Z  is  the  calculated  quantity,  and  Y^  and  are  the  measured 
values  and  system  parameters  used  to  calculate  Z. 

To  Illustrate  the  above  technique,  a  simple  example 
will  be  done.  The  power  supplied  to  the  tube  can  be 
determined  using  the  relation  (assuming  a  power  factor  of 
one) 

P  -  E  I.  (C2) 

If  equation  Cl  is  applied,  the  error  or  variance  in  the 
power  caused  by  uncertainties  in  the  voltage  and  current 


measurements  is 


Gp  -  /(I)  Og  +  (E)  Oj.  (C3: 
The  result  can  be  presented  In  the  following  form  so  that 
the  percent  of  uncertainty  can  easily  be  determined. 

Gp/P  -  /(ag/E)^  +  (C4; 


TABLE  Cl 

Uncertainties  of  Measured  Values 


Measured  quantlt 


Current 


Instrument 


Uncertalnt 


Weston  370  AC/DC  ammeter  ±0.25%  of  full  scale 


Voltage 


Mass  flow  rate 


Wall  and  Inlet 
bulk  temperature 


Thermocouple 
location 
Pressure  tap 
location 

Diameter 


Pressure 


Pressure  drop 


Fluke  883AB  differen¬ 
tial  voltmeter 

Merlam  50MH10-1  lam¬ 
inar  flow  element 

Premium  grade  chromel- 
alumel  thermocouples 

Gaertner  M911 
Cathetometer 


Manufacturers ' 
specifications 

12  Inch  Helse  gage 


±0.1%  of  Input 


±1.5%  of  flow  rate 


±2°F,  3/8%  of  read¬ 
ing  above  535°F 

±0.1 mm 


±0.001  In . 


±0.15  psl 


60"  Merlam  30EB25  vertical  ±0.05  ln-H20 
manometer 

60"  Merlam  30EB25  vertical  ±0,05  In-Hg 
Hg  manometer 


Table  C2  lists  the  percentage  uncertainty  In  the  measured 
bulk  Nusselt  numbers  for  two  representative  helium-argon  runs 
The  dominant  uncertainty  In  the  bulk  Nusselt  number  Is  the 
bulk  stagnation  temperature.  For  convenience  no  uncertainty 
was  Included  for  the  gas  properties.  The  values  used  were 
assumed  to  be  precise. 
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TABLE  C2 

Percentage  Uncertainties  In  the  Measured 
Bulk  Nusselt  Numbers  of  Helium-Argon 

126H 
15.30 
56100 
1.17 


131H 

15.30 

54700 

1.77 


weight 


APPENDIX  D 

Helium-Argon  Experimental  Data 


The  headings  and  their  definitions  used  In  the  listing 
of  the  adiabatic  friction  data  are  below. 


Heading 


Definition 


Run 


Experiment  run  number 


Date 


Date  on  which  experimental 
run  was  made 


Gas 

Molec.  wt . 


m 


Gas  used  In  the  experiment 
Molecular  weight 
Inlet  mixer  temperature 
Gas  flow  rate 


Static  Machj^ 
Static  Mach^ 


f 


Inlet  Reynolds  number 

Static  pressure  at  Inlet 
pressure  tap 

Static  pressure  at  outlet 
pressure  tap 

Static  mach  number  at  Inlet 
pressure  tap 

Static  mach  number  at  outlet 
pressure  tap 


Adiabatic  friction  factor 


The  headings  and  their  definitions  used  in  the  listing 


of  the  heated  flow  data  are  below.  The  headings  that  are 
self-explanatory,  or  that  were  used  in  the  listing  of  the 


adiabatic  friction  data  are 

Heading 

TIN 

TOUT 

I 

E 

TC 

X/D 

TW 

TW/TB 

QGAS 

PT 

TB 


not  included. 

Definition 

Inlet  mixer  temperature 

Outlet  mixer  temperature 

Alternating  current 

Voltage  drop  between 
voltage  taps 

Thermocouple  number 

Corresponds  to  x/D  in  text 

Inside  tube  wall  temperature 

Wall-to-bulk  temperature  ratio 

Wall  heat  flux 

Non-dimensional  heat  flux 
parameter.  Corresponds  to 
q  in  text. 

Pressure  tap:  1-inlet, 

2 -outlet 

Bulk  static  temperature 


BUS  39HP,  OATS  10/08/75,  GAS  HE-AB,  MOLECULAR  AT.  »  15.83 

Tia  »  72.9  P,  TOOT  *  303.7  P.  SAS3  PLOW  HATS  »  2'-*.  1  L3/HS,  I  *  100.2  ABPS,  E  »  5.  765  /OLTS 
PB.ra  »  .’A13,  GB/BESg  »  .725E-0ii,  3ACH<2)  *  .217,  »ACH(16)  •  .  305,  T.SOBB  *  75.  5  P 


rc 

I/O 

TV 

TV/TB 

BOLE 

HL/QGAS 

BOLK 

33  AS 

1?) 

BETMOLOS 

NUSSELT 

BT3/HRPT2 

2 

.  1 

130.0 

1.122 

34772. 

.362 

250. 36 

57723. 3 

.331135 

3 

1.  2 

194.  6 

1.239 

S4528. 

.  105 

116. 28 

55763. 4 

.331144 

4 

2.  1 

224.  4 

1.290 

54334. 

.030 

101.37 

59975.7 

.331231 

5 

4,  1 

256.  0 

1.336 

53891. 

.023 

86.42 

60655.  1 

.331243 

6 

3.  1 

237.6 

1.  369 

53073. 

.018 

75.37 

60963.9 

.331251 

7 

15.  4 

319.  1 

1.374 

51479. 

-016 

71,00 

61132.5 

.301256 

3 

24.5 

348.4 

1.375 

50042. 

.018 

66.62 

61233. 2 

.301257 

9 

32.  4 

366.7 

1.360 

48742. 

.017 

65.88 

61329.4 

.331259 

10 

40.8 

390.0 

1.351 

47451. 

.019 

63.36 

61303.0 

.331258 

11 

49.  7 

437.  1 

1.336 

46315. 

.019 

63.70 

6  1400. 4 

.301263 

12 

56.  8 

430.6 

1.330 

45229. 

.021 

6  1.64 

61359.4 

.331259 

13 

64.3 

448.  1 

1.318 

44229. 

•222 

6  1.42 

61417.9 

.001261 

14 

73.  1 

472.3 

1.  313 

43249. 

.025 

59.52 

61349.9 

.3)1259 

15 

81.3 

487,3 

1.298 

42351. 

.027 

60.07 

61282.7 

.301258 

15 

93.  1 

49  3.  5 

1. 269 

41452. 

.044 

63.05 

63274.0 

.331237 

17 

99.0 

435.6 

1.165 

40749. 

.  198 

92.24 

52321. 3 

.001074 

PT 

X/0 

STATIC 

TW/TB 

TB  PRESS 

1 

-.5 

PRESS.  (PSIA) 

8  y  •  ^ 

1.10 

(F)  CSPECr 

63.6  -.515 £-32 

2 

90.1 

67.8 

1.27 

291.4  .199E*01 

AVERAGE  PABAHETSSS  BETWEEM  PBESSOBB  TAPS 
AV33A3B  aOLK  RETNOLOS  AVERAGE  REVaOLOS  AVERAGE  PRICTIOa  PAETOR 

uai29.  36951.  .30554 


ROM  90HP.  OATS  10/08/75,  GAS  HE-AR,  BOLECOLAR  »T.  »  15.33 

:s  «  72.8  ?.  TOOT  •  547.4  P,  BASS  PtOM  RATE  •  25.1  LB/HR,  I  *  142.7  ASPS,  B  « 
l,ia  «  .413,  GR/RESQ  •  ,166E-Q3,  SACE U)  «  .204,  BACH  05)  »  .340,  t.SORR 


TV/TS 

aoLX 

REiaOLOS 

1.248 

56716. 

1.472 

56221. 

1.568 

55827. 

1.651 

54951. 

1.723 

53350. 

1.725 

50410. 

1.708 

47907. 

1.675 

45769. 

1.542 

43763. 

1.508 

42033, 

1. 584 

4C478. 

1.551 

39108. 

1.312 

37806. 

1.479 

36650. 

1.422 

35538. 

1.  246 

34792, 

PT 

X/0 

«L/OSAS 


30  LX 

115.33 
101.32 
86.38 
73.34 
55. C3 
59.80 

56.92 
54.25 

52.55 
50.41 

49.56 
49.66 
49.70 

51.93 
65.98 


STATIC  TV/TB 

PRESS.  (PSIA) 

88.7  1.19 

71.5  1.42 


33AS 

3ru/3ap?2 

116316.4 
1  14231. 3 

122912.3 

125787. 1 

126340.6 

126237. 1 

126315. 1 

126508. 3 

126455.6 

126499. 2 

126498.6 

128223.4 

123450.7 
90759.5 


3.523  V3L:S 
»  79.5  P 


.33233) 
.002253 
.3)2425 
.302457 
.332469 
.302483 
.332488 
.  002493 
.032494 
.002497 
.332495 
.302497 
.332497 
.332492 
.3024J7 
.33  1792 


T8  PRESS 

fP)  DEPSCT 

67.6  -.512E-02 

516.7  .283E01 


AVERAGE  PABABETEBS  3ETVEEM  PRSSSOBE  TAPS 
AVERAGE  BOLK  EEISOLOS  AVERAGE  VALL  REISOLDS  A7E5AGS  PRICTIOn  PACTOB 

46161.  30486.  .00549 


TIS  » 

72.3  P, 

aoM  93ap. 
TOUT  =  348 

OATE 

10/13/75,  GAS 
HASS  PLOW  aATE 

HE-AB,  MOLECUtAB  •T. 

»  15.93 

.8  P, 

a  14.1  LS/dB.  I  * 

83.0 

ASPS.  E  *  4. 

535  BJtrs 

PB.IS 

»  .413 

,  GB/BBSQ  * 

.  187E- 

■03,  HACH(2) 

»  .107, 

HACH(16|  < 

. 134,  T,suaa  * 

75.3  ? 

TC 

X/D 

TB 

TW/TB 

BULK 

HL/QGAS 

SULK 

asAS 

3* 

.  1 

1.091 

NUSSEIT 

3TU/a8PT2 

36616.7 

2 

120.3 

.067 

194.1 1 

.331289 

3 

1*7 

178.  1 

1.193 

31523. 

.140 

83.56 

34390.  1 

.301211 

4 

2.  1 

209.2 

1.246 

31401. 

.054 

70.53 

37309.7 

.331314 

5 

4.  1 

236.  1 

!-?82 

31125. 

.026 

61.97 

38384. 3 

.301351 

6 

8.  1 

287.7 

1.  313 

30607. 

.024 

54.12 

38555.7 

.331357 

7 

16.4 

306.  1 

1.326 

29597. 

.024 

48.48 

38649. 4 

.001361 

8 

24.3 

331.3 

1.316 

28687. 

.025 

46.71 

38735.0 

.331363 

9 

10 

32.4 

43.3 

355.5 

377.9 

1.307 

1.293 

.026 

.028 

45.  13 
44.32 

39717.9 

38732.5 

.031363 

.331363 

1 1 

48.7 

404.3 

1.288 

26354. 

.031 

42.46 

38687.9 

.301362 

12 

56.  9 

421.3 

1.271 

25679. 

.032 

42.73 

38674. 3 

.001362 

13 

64.3 

439.3 

1.255 

25060. 

.033 

42.92 

38684. 6 

.03 1362 

1  4 

73.  1 

462.7 

1.246 

24451. 

.037 

4  2. 11 

38599. 9 

.331359 

15 

31.3 

482.5 

1.234 

23835. 

.042 

4  1.90 

39481.3 

.331 355 

16 

90.  1 

491.9 

1.207 

23323. 

.073 

43.63 

37399. 8 

.031317 

17 

98.3 

411.6 

1.078 

22912. 

.273 

97.21 

31339.4 

.001103 

PT 

X/0 

STATIC 

r-A/TB 

TB 

PBESS 

1 

PBESS. (PSIA) 

1.37 

iP| 

,  DEPSC: 

-.5 

95.9 

7i: 

5  -.S99B-02 

2 

90.  1 

92.3 

1.21 

328. 

7  .1976*01 

ArBSAGE  PABAflBTSSS  SETUEEM  P9BSS0SE  TAPS 
A7BIAGB  BOLX  BBTSOIOS  AVESAGE  'JALm  SEYNOLCS  AYSBAGE  FBI:TI3!I  ?A:T33 

27533.  22429.  .30638 


BOH  94HF-  DATE  10/13/75,  GAS  HB-AB,  BOtECOtAB  BT.  - 

rlH  »  72.3  P,  roor  »  583.2  F,  BASS  PtOW  BATE  »  14.1  L8/HH,  I  »  118.6  ABPS,  E  »  7.395  BOtTS 
PR, 1.1  *  .418,  GB/aSSa  *  .407E-03,  BACH  (2)  »  .107,  aAC;i(16)  »  .151,  T.SJBB  »  73.5  F 


15.83 


PC 

X/0 

TA 

TA/TB 

BULK 

»t/aGAS 

1?1 

BEYBOIDS 

2 

.  1 

i49.0 

1.234 

31584. 

.093 

3 

1.2 

322.9 

1.449 

31259, 

.  1<*8 

4 

2.  1 

390.9 

1.560 

31001. 

.053 

5 

4.  1 

462.6 

1.552 

30411. 

.037 

6 

8.  1 

544.2 

1.720 

29343. 

.036 

7 

16.4 

635.2 

1.721 

27407. 

.037 

9 

24.6 

705.5 

1,593 

25803; 

.041 

9 

10 

32.5 

40.9 

754.9 

333.9 

1.644 

1.595 

!r2S!: 

-043 

.048 

11 

48.9 

352.  3 

1.556 

22169. 

12 

37.0 

392.4 

1.511 

21237. 

13 

55.0 

924.9 

1.464 

20417. 

.059 

14 

73.4 

969.3 

1.430 

19640. 

.066 

15 

91.5 

1306.2 

1.395 

18924. 

.074 

16 

90.4 

1015.7 

1.335 

18282. 

.119 

17 

93.4 

831.7 

1.  130 

17894. 

.385 

3ULK 

SUSSELT 

159.74 

77.42 

66.89 

41.08 

37.37 

35.69 

34.25 
33.00 
32.47 

32.62 

32.01 

31.88 

33.33 

49.25 


QGAS 

3TU/H8PT2 

79013.0 

75990.4 

83199.3 

84907. 8 

85470.4 
35947.  1 

85991.8 

86094.4 
35989.  1 

85945.7 

35817.6 

35795.5 
85537.3 

95360.9 

81739. 7 

47896.7 


a* 

.302775 

.002667 

.332923 

.302984 

.333003 

.303020 

.333022 

.003025 

.333022 

.003020 

.333315 

.333314 

.003006 

.332933 

.002872 

.331693 


?T 

1 

2 


X/0 

-.5 

90.4 


STATIC  T9/T8  TB  PRESS 

PBESS.  (PSIA)  (P)  DEPSCT 

95.8  1.18  73.2  -.589E-Q2 

90.4  1.33  545.4  ,300E»31 


ABERAGE  PABABSTSSS  3ET4EEM  PBESSOBE  TAPS 
ABSBAGE  aaiX  aSYBOLOS  ABE3AGE  BALL  3SYN01.0S  ABSaAGS  PBICTtCSI  PACI3B 

24958.  17313.  .30655 
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SON  98HF.  OATS  10/23/T5,  GAS  HE-Aft,  SOLSC'JLAR  «T.  •  15.83 

rr!i  «  73.2  r,  root  »  570. i»  ?.  sass  floS  bats  »  30.9  lb/hs,  i  »  16O.9  anfs, 
PB.IN  >  .Uia,  Sa/BBSQ  >  .213E-03.  aACH(2)  >  .20U,  aACH(16)  >  .340,  T, 


E  »  9.670  Totrs 

Sofia  *  79.3  F 


TC 

X/0 

TV 

ia/T8 

SULK 

HL/QGAS 

2 

.1 

2^119 

1.259 

RSTNOLOS 

39554. 

.058 

3 

353.4 

1.517 

58910. 

.092 

4 

2.1 

418.9 

1.631 

68401. 

.029 

5 

4.1 

490.3 

1.729 

67285- 

-022 

6 

9,  1 

559.  a 

1.787 

65254. 

.020 

7 

16.4 

641.  1 

1.791 

615J0. 

.020 

3 

24.6 

705.7 

1.772 

58370. 

.022 

9 

32.5 

759.6 

1.744 

55688. 

.024 

10 

40.  9 

809.6 

1.707 

53172. 

.026 

11 

43.9 

359.6 

1.680 

51003. 

.029 

12 

57.0 

894.3 

1.636 

49083. 

.030 

13 

55.3 

931.9 

1.601 

47376. 

.033 

14 

73.4 

970.6 

1.568 

45758. 

-035 

15 

81.5 

226*8 

1.527 

44325. 

.039 

16 

90.4 

1002.0 

1.465 

42947. 

-059 

17 

98.4 

861.  7 

1.282 

41994. 

-407 

BULB 
BUSS BIT 
285.58 
135.09 
115.83 
97.35 
95.50 
75.28 
68.94 

tVsl 

58.48 

57.53 

56.32 

55.27 

55.60 

57.99 

71.18 


QSAS 

3I0/H8fT2 

150418.3 

147299.2 

157043.5 

158341.7 

160013.2 
160398.0 

15 1295. 3 

161519.2 
161776.  9 
161951.9 

162782. 3 

162139.7 
162139.  8 

161899.3 
15H784.5 

118411.6 


.002417 

.002365 

.002523 

.302552 

.002571 

.032585 

.302591 

.332597 

.002599 

.332602 

.002604 

.302635 

.002605 

.002601 

.002551 

.331902 


STATTC  TB/TB 

PRESS. (PSIA) 

109.4  1.20 

38.7  1.46 


TB 

ill  2 

537.9 


PRESS 

OEPECT 

-.488E-02 

.275B*-01 


AVEBAGE  PABAHSTERS  SETWEBil  PaBSSORE  TAPS 
AVERAGE  BOLfi  BEXNOLOS  •  AVEBAGE  BALL  REVMOLOS  AVERAGE  FRICTION  FACTOR 

56296.  36396.  .03517 


RON  97HP,  OATS  10/20/75,  GAS  HB-A|,  BOLECOLAB  BT.  »  -’5.33 
TIN  »  72.3  P.  TOUT  »  293.2  P,  BASS  FLOB  RATE  »  35.3  LB/HR,  I  »  ’’^•2,*BPS,  2  »  5.793  VOLTS 
PR, IN  •  .4lS,  GR/BESg  «  .§35E-04,  RACH(2)  =  .238,  BACH(16|  •  .337,  T.SOBB  «  75.3  F 


TC 

X/0 

TV 

2 

.  1 

1I1.5 

3 

1.2 

199.2 

4 

2.1 

231.6 

5 

4.  1 

264.6 

6 

3.  1 

291.3 

7 

16.4 

321.0 

3 

24.5 

351.3 

9 

32.4 

366.9 

10 

40.3 

390.2 

1 1 

48.7 

408.2 

12 

36.8 

433.  1 

13 

54.  8 

452.9 

14 

73.  1 

463.2 

15 

31.3 

486.2 

16 

97.1 

438.0 

17 

98.0 

447.8 

TR/TB 

BOLK 

RSTNOLOS 

1.129 

90349. 

1,  253 

90006- 

1.309 

79735. 

1.359 

79124. 

1.385 

77995. 

1.389 

75803. 

1-396 

73808. 

1.379 

71996. 

1.373 

70209. 

1.361 

68614. 

1.  360 

67099. 

65693. 

64312. 

1.328 

63048. 

1.295 

51787. 

1.213 

60798. 

PT  X/0 

ai./Q6AS 


BULK 

sasssiT 

333.86 

156.22 

132.51 

112.68 

102.45 

95.65 
89.06 
88.74 

85.66 
84.61 
81.05 
79.45 
79-78 
79.99 
84.33 

105.05 


STATIC  TB/TI 

PRESS.  (PSXA) 

106.9  1.10 

98.5  1.29 


OGAS 

8T3/HaFT2 

79993. 4 

78204.2 
82555.  1 

83345.5 

83924.7 
84077.0 

84153.5 

84302. 6 

34314.8 

84435.3 

84434.7 

84496. 5 

84511.9 

34428. 2 

83508.6 

74059.2 


TB  PRESS 

iSU  -i?5^!r.02 

272.3  .133E»01 


.001124 

.331099 

.301163 

,331171 

.331179 

.301181 

.331192 

.C01184 

.331184 

.301186 

.331185 

.001137 

.331137 

.001186 

.331173 

.001040 


AVERAGE  PAHAflETEBS  BBT»ESN_,P8ESS38E  TAPS  . 

AVERAGE  80LK  SSTHOLOS  AVERAGE  BALL  RSTSOLOS  AVERAGE  FRICTION  FACTOR 

71091.  53547.  .00491 
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aUN  1023,  DATE  01/23/76,  GAS  HE-AB,  aOLECOLAfi  XT.  =  29.70 

TIN  =  70.1  ?,  TOOT  *  573.9  ?,  MASS  FLOS  BATE  »  36.4  i.B/Ha,  I  »  127.8  AMPS,  E  *  7.670  VOLTS 
pa.IS  »  .48o,  38/KSSQ  »  .755E-03,  !iACH<2)  »  .173,  EACH  (16)  »  .256,  2,3UBa  »  77.0  F 


rc 

X/0 

IN 

Ta/73 

auLX 

HL/QGAS 

3ULX 

OGAS 

a*  ■ 

(F) 

3SYNOLOS 

NOSSEL? 

3r'J/aaFT2 

2 

.  1 

1^7.7 

1.246 

820 80. 

.074 

403.77 

93352.5 

.032397 

5 

1.2 

353.  3 

1.326 

81302. 

.  157 

171.51 

87626.-9 

.0C2250 

4 

2.  1 

429.8 

1 . 656 

80694. 

.052 

149.41 

96930.4 

.332488 

5 

4.1 

497.2 

1.747 

79314. 

.034 

129. 6C 

99071.3 

.002543 

6 

?•  ’ 

573.2 

1.815 

76799. 

.033 

1 11.67 

99727.5 

.332563 

7 

16.4 

663.5 

1.832 

72178. 

.034 

96.47 

1C024C. 4 

.0:2573 

8 

24.6 

726.4 

1.407 

68290. 

.037 

88.45 

1C0391.2 

,302577 

9 

32.5 

776.3 

1.770 

64994. 

.040 

83.42 

100492.6 

.302583 

10 

40.9 

320.3 

1.723 

61915. 

.043 

79.88 

1C0454.  3 

.302579 

11 

48.9 

864.  9 

1.687 

59322. 

.046 

74.59 

100466.7 

.332579 

12 

57.0 

903.3 

1.544 

56964. 

.050 

74.  42 

100362.5 

.002577 

13 

65.  0 

931.0 

1.599 

54893. 

.052 

74.06 

100379.9 

.332377 

14 

73.4 

969.6 

1.565 

52922. 

.057 

72.35 

100180.5 

.002572 

15 

81.5 

993.4 

1.520 

51185. 

.062 

72.78 

99864.0 

.302564 

15 

30.4 

999.6 

1.458 

49522. 

.098 

74,44 

96569.4 

.332479 

17 

98.4 

786.6 

1.205 

48437. 

.568 

114.98 

64686. 2 

.301712 

?T 

X/0 

STATIC 

TW/T8 

TB  passs 

PaSSS.  (PSIA) 

(f)  DSFECr 

1 

-.  5 

110.6 

1.20 

47.0  -.470B-02 

2 

90.4 

97.1 

1.46 

541.2  .245E+01 

BOB 

TIN  «  71.0  F,  TOUT 
P3,IN  «  .466,  Oa/H 


103H,  OATS  01/26/76,  GAS  HE-AB,  MOIECOL 
»  471.8  F,  MASS  FLoS  BATE  «  36.2  LS/HB, 
ssg  a  .39iS-03,  BA0H{2)  *  .173,  MACa 


EOOLAS  WT.  a  29.70 

I  a  113.8  AMPS,  S  a  6.715  VOLTS 
(16)  a  .251,  I,suaa  <  90.0  F 


2 

3 

4 

3 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 
17 


X/0 

rw 

TW/T3 

aoLx 

HL/QGAS 

90LK 

03AS 

a* 

aSINOLDS 

NUSSELI 

BTa/HHFT2 

.  1 

191.6 

1.234 

81602. 

.  109 

326.29 

71673.  1 

.001847 

1.2 

299.7 

1.428 

31002. 

.  146 

169.15 

69860.6 

.001800 

2. 1 

354.5 

1.521 

30522. 

.045 

150.74 

76889. 8 

.00  1982 

4.  1 

412.7 

1.604 

79421. 

.035 

127.99 

77996.3 

.002010 

8.  1 

462.8 

1.646 

77393. 

.029 

114.59 

78785.5 

.002030 

16.4 

526.0 

1.655 

73587. 

.029 

1C1.97 

79123.  1 

.302039 

24.5 

574.6 

1.642 

70293. 

.031 

94.48 

79231.0 

.002042 

32.4 

610.7 

1.6  14 

67433. 

.032 

90.55 

79364.3 

.002045 

40.8 

649.  4 

1.583 

64701. 

.035 

86.49 

79300.6 

.002044 

4  8.3 

682.5 

1.561 

62360. 

.037 

83.90 

7939C.5 

.032046 

56.9 

715.0 

1.534 

60196. 

.040 

81.57 

79301.2 

.002044 

44.  9 

740.6 

1,502 

58258. 

.041 

80.38 

79335.5 

.002045 

73.3 

767.8 

1.472 

56404. 

.045 

80.  13 

79237.5 

.002042 

81.5 

793.0 

1.  44J 

54743. 

.050 

79.75 

79005.6 

.302036 

90.3 

799.  1 

1.393 

53137. 

.032 

82.02 

76650. 3 

.001976 

93.2 

634.9 

1.  175 

32034. 

.382 

144.05 

59365.5 

.031530 

PT 

X/D 

STATIC 

Tii/TB 

TB  PBESS 

P8ESS.  (PSIA) 

JF)  DEFECT 

1 

-.5 

110.0 

1.19 

o7.4  -.47IE-32 

2 

90.3 

98.  3 

1.39 

444.1  .2l4S*01 

AYEBAGE  PABAHETEBS  BETNEEN  PBESSUBE 

TAPS 

AVSSAGE  BULK 

EEXNOL3S 

AVEBAGE  aALL  BEXNOLJS  AVESAGS  FalCTION  FACT 

oa 

[fit] 


aUN  3AT2  0  1/23/76,  GAS  HE-AR,  SOLECULAR  at.  ^  23.70 

ns  «  72.3  F,  TOOT  «  303.7  F,  :1ASS  FLOW  HATS  «  36.2  LS/HR,  I  =  37.4  A-IPS,  S  =  5.020  70LTS 

?a,ia  *  .436,  Ga/aESQ  *  .Suse-oo,  sack(2)  *  .173,  sAcacib)  »  .223,  r,soaa  »  30.0  f 


TC 

X/D 

TM 

T»/X3 

BULK 

ai/OGAS 

30  LX 

gsAS 

3T0/dafT2 

J* 

(F) 

aEXROLOS 

SOSSELT 

2 

.  1 

149.3 

1.  153 

31625. 

31275. 

.119 

295.35 
167.  1  1 

41733.4 

.301072 

3 

1.2 

209.2 

1.259 

.  141 

4l  120. 4 

.001056 

4 

2.  1 

237.  5 

1.309 

30994. 

.042 

151.83 

45115,3 

.03  1159 

5 

4.1 

264.5 

1.347 

30344. 

.326 

135.08 

45939.  1 

.001 130 

6 

3.  1 

293.8 

1.377 

79119. 

.323 

121.02 

46169.8 

.001136 

7 

16.  4 

329.5 

1, 390 

76716. 

.022 

109.3d 

46304.  3 

.001190 

8 

24.5 

355.5 

1.387 

74536. 

.023 

104.  34 

46353.7 

.001191 

9 

32.4 

374.3 

1.374 

72577. 

.023 

102.42 

40423. 2 

.001193 

10 

40.8 

393.9 

1.368 

70620. 

.026 

98.20 

46381. 5 

.001192 

11 

43.7 

421.0 

1.361 

633S0 . 

.027 

95. 15 

46416.0 

.001192 

12 

56. 3 

439.4 

1.  348 

67234. 

.028 

93.75 

463S9.  1 

.001192 

13 

64.8 

455.  6 

1.333 

55708. 

.029 

93.40 

46417. 5 

.001192 

14 

73.  1 

475.  9 

1.  323 

64201. 

.032 

91.55 

46346. 3 

.001191 

15 

31.3 

492.0 

1.309 

62327. 

.036 

91.29 

46244.0 

.001198 

16 

90.  1 

496.  1 

1.273 

61452. 

.060 

95.16 

45192.9 

.031161 

17 

93.0 

414.5 

1.142 

60411. 

.225 

161.39 

3836  1.  3 

.000998 

PT 

X/0 

STATIC 

TW/TB 

ra 

PBESS 

1 

PRESS.  (PSIA) 

1.12 

(F) 

DEFECT 

-.  5 

1 10.  1 

n3  . 

0  -.471E-02 

2 

90.1 

101.  1 

1.28 

288. 

4  .162£»G1 

AFSaAGE  PARAflETESS  3ETWEES  PRESSUiE  TAPS 
AVERAGE  aOLK  aSYNOLOS  AVERAGE  WALL  aEVHOLOS  AVERAGE  FRIOTIOK  FACTOrt 

71562.  53123.  .00434 


u 


Jb 

Ui 


cs 


m 


ki 


aON  105il.  DATS  01/23/75,  GAS  aE-AR,  .lOLBCJLAR  WT.  « 
Tl;l  »  71,9  F,  TOUT  «  197.5  F.  3ASS  FLOW  RATS  ■  36.3  LB/HE,  I  *  64. S 
pa, IS  =  .486,  Ga/aESO  »  .193E-03,  aACH{2)  »  .173,  SACH(16)  « 


DATS  01/23/76,  GAS  HE-AR,  aOLSCJLAR  WT.  «  29.70 

"  "  -  ■*  . . . '  •---  *  ,4,9  ASPS  »  s  3.535  VOLTS 

.204,  T.SURR  «  79.5  F 


TC 

X/D 

tw 

TM/TB 

BULK 

dL/gGAS 

BULK 

QSAS 

a* 

(F) 

REYNOLDS 

NDSSELT 

3TU/ti3FT2 

2 

.  1 

118.  1 

1.096 

81892. 

.119 

263.31 

22971.3 

.330590 

3 

1.2 

147.5 

1 .  149 

31699. 

.  136 

164.33 

22663.3 

.000532 

4 

2.  1 

16  1.  3 

1.  173 

81541. 

.028 

155.74 

25079,0 

.333644 

5 

4.  1 

177.  1 

1.196 

31177. 

.025 

135.57 

25186.5 

.000647 

6 

8.  1 

189.7 

1,208 

30493. 

.018 

126.54 

25382.3 

.333652 

7 

15.4 

207.6 

1.216 

79108. 

.013 

117.50 

25418.4 

.000653 

8 

24.  3 

221. 9 

1.218 

77799. 

.018 

112.70 

25428.0 

.330653 

9 

32.4 

233.2 

1.215 

76596. 

.019 

110.75 

25442.0 

.000633 

10 

40.7 

246.7 

1,215 

75357. 

.020 

107.18 

25419.6 

.333633 

1  1 

48.7 

257.9 

1.212 

74225. 

.021 

105.46 

25432.2 

.000653 

12 

56. 3 

269.2 

1.209 

73129. 

.022 

103.81 

25414.  1 

.33Co53 

13 

54.7 

278.2 

1.232 

72086. 

.023 

104.  13 

25421.3 

. OoOosJ 

14 

73.  1 

290.3 

1.200 

71032. 

.025 

101.97 

25385.4 

.303632 

15 

91.2 

298.9 

1.193 

70048. 

.028 

102.70 

25323. 5 

.000630 

16 

90.0 

300,7 

1.  175 

69037. 

.  046 

108.99 

24896.6 

.030639 

17 

97.9 

262.  1 

1.093 

63229. 

.  145 

132.22 

22686. 3 

.000532 

PT 

X/0 

STATIC 

TW/TB 

13  PRESS 

PRESS.  (PSIA) 

(F)  DEFECT 

1 

-.  3 

110.5 

1.03 

67.2  -.471E-02 

2 

90.0 

103.3 

1.17 

137.7  .1J0E»01 

AVERAGE  PAhASETSaS  3ETWE 

SN  PRESSUai 

TAPS 

AVERAGE  3UL:<  RE'/ROLDS 
75477. 


AVSaAGE  WALL  REYSOLGS 
61625. 


AVERAGE  FaiGTIUM  FAGTOS 
.00430 


78 


TT«1  7-1  J  B  0V28/7ti.  GAS  riS-AP.  KOLECQLAa  VI,  »  29.70 

io^rJ  I*  *  ’2.9  L3/HR,  I  =  90.0  AKPS,  2  =  5.373  VOL' 

?9,IM  »  .43a,  Sa/RtSg  «  .l53a-02,  .'!ACH(2)  »  .033,  i'!ACH|16)  »  .123,  r,3U23  »  79.5  f 


TW 

TW/T3 

BULK 

1.216 

1.454 

aSYNOLOS 

190.6 

326.7 

31054. 

30713. 

41  1.C 

1.594 

30439. 

498. 1 

1.711 

29799. 

591.6 

1.792 

28043. 

594.5 

1.795 

26570. 

753.8 

1.753 

24880. 

816.7 

1.699 

23484. 

862.4 

1.636 

22208. 

903.7 

1.582 

21155. 

944.  7 

1.533 

20215. 

978.6 

1.484 

19396. 

1015.0 

1.439 

18621. 

1043.2 

1.  394 

17947. 

1049.3 

1.331 

17328. 

739.5 

1.026 

17003. 

aL/>JGAS 


3CLX 

XUSSCLT 


.115 

209.01 

.273 

36.07 

.  118 

74.00 

.077 

61.31 

.073 

51.61 

.076 

43.93 

.084 

40.09 

.090 

37.93 

.099 

36.57 

.  105 

35.71 

.114 

34.  94 

.  122 

34.84 

.  131 

34.  74 

•  1  46 

35.18 

.239 

35.66 

1.463 

255.03 

STAtlC  T«/T3 

PSESS.  (PSIA) 

B9.1  1.18 

36.1  1.33 


OOAS 

oT0/aa?i2 

41*574,  7 
3941 J.O 
45143.0 
47167.0 
47659.6 

47360.4 

47739.3 
47630. a 

47402.5 

47235.2 
470  10.  1 

46312.6 

46536.3 

46017,5 

42594.3 
2C977.5 


,002976 
.0C26J1 
.003014 
.003149 
.003182 
.003  195 
,303187 
.003180 
.2:3165 
.003157 
.003139 
.003125 
.003107 
.003072 
.032843 
.001401 


Pa  ESS 
OEEEOr 
■.591E-02 
.297e*C 1 


.  .  AVERAGE  PAEA.VETEaS  BETWEEN  PSESSUaE  TAPS 

AVtRAaE  OULij  aSYSOLOS  AVERAGE  WALL  REYNOLOS  AVSBAGE  PRICTIOS  FACTOtt 

24213.  16379.  .00642 


RON  108H,  DATS  01/28/76,  GAS  HE-AR,  MOLECOLAa  WT.  »  29.70 

TIN  «  73.2  TOUT  «  519,7  ?,  NASS  FLOW  BATE  »  14.0  LB/Ha,  I  «  75.1  AMPS,  S  = 

?r,:n  »  .489,  sa/aESo  «  .106S-02,  «acu<2)  =  .083,  aAca(i6)  »  .113,  r.suaa 


4.320  VOLTS 
>  80.0  F 


TC 

X/0 

rw 

rW/TB 

BULK 

HL/QGAS 

BULK 

03AS 

Q* 

(F) 

BSYNOLDS 

S'USSELT 

3TU/HRFT2 

2 

.  1 

163.  6 

I.  177 

31204. 

.180 

163.79 

29260.3 

3 

1.2 

254.2 

1.326 

30974. 

.265 

34.21 

27464.7 

.30 1348 

4 

2.  1 

306.  1 

1.413 

30783- 

.  102 

75.72 

31so2. 7 

.332105 

5 

4.  1 

360.4 

1.437 

30329. 

.  066 

64.54 

32956.8 

.002134 

6 

3.  1 

414.5 

1. 334 

29489. 

.056 

56.27 

33230.0 

.332212 

7 

1  6.  4 

430.3 

1.544 

27915. 

.058 

49.23 

33380.3 

.302219 

3 

24.  5 

§26,  7 

1.  524 

26566. 

.062 

45.93 

33377.5 

.302213 

9 

32.4 

366.  C 

1.499 

25407. 

.066 

43.74 

33345.5 

.002216 

10 

40. 8 

599.5 

1. 464 

24312. 

.072 

42.53 

33242.9 

.302210 

1 1 

43.  3 

635.5 

1.439 

23377. 

.076 

41.14 

33176.  1 

.002205 

12 

36.9 

662.7 

1.405 

22520. 

.082 

40.90 

33071.3 

.332193 

13 

84,  9 

69C,  9 

1.376 

21758. 

.036 

40.67 

33003.  9 

.002194 

14 

73,  3 

723.3 

1.352 

21030. 

.096 

39.93 

32776.7 

.302179 

15 

31.4 

745.4 

1.321 

20384. 

.103 

40.59 

32558.  9 

.002164 

16 

90.2 

756.7 

1. 279 

19770. 

.  191 

40.47 

30236.4 

.302013 

17 

93.2 

551.6 

1.033 

19389. 

.759 

243.  12 

2C186.9 

.001342 

?T 

X/0 

STATIC 

T’W/TB 

TB  PRESS 

PRESS.  (PSIA) 

(F)  jEFECr 

1 

-.  5 

33.9 

1.14 

73.6  -.590E-02 

2 

90.2 

96.  5 

1.28 

4M.6  .239£»01 

AVEaAGE  PAEANETEBS  BETWEEN  PBESSUBE  TAPS 
AVSaAGE  BULK  REYNOLDS  AVEHAGE  WALL  HEYNOLDS  AVSBAGE  FRICTION  FAOTOa 

25502.  18693.  .30827 


aUN  109a,  DATS  01/23/76,  GAS  HE-Aa,  aOLSCULAa  '*7.  =  29.70 

TIN  *  7<*.  1  ?,  roar  »  361.J  ?,  SASS  flow  hats  «  IJ-9  L3/a3,  I  «  60,0  AMPS,  S  »  3.  30:  yOLTS 
?B,IM  a  .660,  oa/EESa  «  .od1£-0J,  MAC.Hia)  »  -CdJ,  .'!ACa(l6)  »  .103,  T,jjaa  *  aO.7 


rc 

X/0 

TW 

T3/Ta 

auLX 

HL/'2GAS 

3ULK 

OG  AS 

(?) 

asr.'icLos 

SiOSSELT 

ST'J/H8fT2 

2 

.  1 

139.2 

1.121 

31140. 

.  197 

154. 86 

18371. 4 

.001222 

3 

1.2 

190.3 

1.21  1 

30995. 

.256 

63.98 

17579.7 

.  :  3  1  1  J  9 

4 

2.  1 

220.3 

1.262 

30872. 

.090 

77.30 

20293.9 

.331349 

5 

4.  1 

25  1.3 

1.305 

30573. 

.353 

67.  56 

21071. 6 

.001401 

6 

3.  1 

236.5 

1.340 

30020. 

.047 

58.32 

21225.7 

.301411 

7 

16.4 

323.3 

1.346 

28945. 

.04o 

53.72 

21314.3 

.001417 

3 

24.5 

350.  a 

1.337 

27983. 

.047 

51.31 

21324.8 

.001418 

9 

32.4 

377.3 

1.  329 

27121. 

.051 

49.09 

21292.0 

i4i6 

10 

40.3 

397.8 

1.309 

26276. 

.054 

48.71 

21263.6 

.001414 

1 1 

43.7 

423. C 

1.3Q0 

25634. 

.058 

47.04 

21225.5 

.331411 

12 

56.3 

442.3 

1.233 

24836. 

.062 

46.87 

21170.3 

.001408 

13 

64.3 

460.  3 

1.265 

24198. 

.  064 

47.11 

21 159. 7 

.00  1407 

1U 

73.  1 

431.9 

1.252 

23573. 

.071 

46.55 

21051.3 

.001403 

15 

31.3 

500.6 

1.237 

23005. 

.080 

46.  52 

20397.9 

.301390 

1 5 

90.  1 

504.2 

1.20  3 

22452. 

.  145 

48.68 

19730.9 

.301312 

17 

93.0 

334. C 

1.023 

22064. 

.429 

299.26 

15665.4 

.301042 

PT 

x/0 

STATIC 

T'i/TS 

?3  PRESS 

PRESS.  (PSIA) 

IF)  DEFScr 

1 

-.5 

89.  1 

1.10 

73.9  -.591E-02 

2 

90.  1 

87.  1 

1.20 

341.5  .191S*01 

AVEBAGE  PAEAHETEBS  SETUEEil  PBESSOaE  TAPS 
AVEBAGE  SOLX  BSTMOLDS  AVEBAGE  WALL  HEVMOLDS  AVESAGS  PHICTIQM  FACTOR 

2630S.  21228.  .00612 


BOS  111H. 
TOUT  a  247 

OATS 

01/29/76,  GAS 

HE-AR.  XCLECOLAS  VT, 

a  29.70 

ri'3  » 

67.0  F. 

.  1  P. 

MASS  FLOW  RATE 

a  14.2 

OS/HR,  I  a 
,  RACK  (16)  a 

48.0 

AMPS,  3  a  2. 

923  VOLTS 

?3,I.N 

»  .48o 

0  ^ 

.  446S>0  3,  .XACa(2) 

a  .  084 

.097,  T,S0Sa  a 

7  2.3  F 

TC 

X/D 

TW 

Tw/ta 

aOLK 

HL/gGAS 

BULK 

OGAS 

3T'J/HaFT2 

g* 

1^^’.7 

REYBOLOS 

BUSSELT 

2 

.  1 

1.067 

32094. 

.  1 16 

201.07 

12579.6 

.3008)3 

3 

1.2 

139.0 

1,  134 

31993. 

.269 

86.56 

11087.9 

.303734 

4 

2.  1 

160.0 

1.170 

31911. 

.095 

78.39 

12874. 2 

.003852 

5 

4.  1 

179.  7 

1,  199 

31718. 

.048 

69.21 

13474. 3 

.333492 

6 

8.  1 

201.9 

1.223 

31345. 

.042 

60.50 

13576.4 

.000899 

7 

16.4 

227.2 

1,  234 

30601. 

.041 

54.85 

13607. 2 

.003901 

3 

24.5 

245,2 

1.2J3 

29918. 

.042 

52.62 

13609. 5 

.000901 

9 

32.4 

2o  1.  4 

1. 229 

29286. 

.045 

51.03 

13596.0 

.000903 

10 

40.7 

276.8 

1-223 

23656. 

.048 

50.07 

13565.2 

.000898 

1 1 

48.7 

292.  1 

1.213 

28084. 

.050 

48.  99 

13557. 2 

. 30  0o97 

12 

56.8 

307,0 

1.212 

27536. 

.054 

48.07 

13514. 3 

.000695 

13 

64.7 

319.3 

1.20J 

27022. 

.056 

48.  15 

13507.5 

.333894 

14 

73.  1 

334.4 

1,198 

26513. 

.062 

47.30 

13449.  a 

.000890 

15 

81.2 

348.  1 

1.  191 

26039. 

.071 

4  6.68 

13353.4 

.303984 

16 

90.0 

352.7 

1.  1  71 

25572. 

.  13C 

47.67 

12651.5 

.303838 

17 

97.  9 

266. C 

1.027 

25217. 

.286 

280.55 

11048.9 

.000731 

PT  X/0 

STATIC 

TS/?a 

13 

PRESS 

PS 

ESS. (PSIA) 

j?) 

DEFECT 

1  -.5 

89,4 

1.05 

90  . 

5  -.587E-02 

2  90.0 

87.7 

1.17 

234. 

1  .15dE*01 

AVERAGE  PABA.ME 

TSaS  3ET 

BEEB  PHESS03E  TAPS 

AVEBAGE  a'JLX  2 

EYSOL03  AVEBAGE 

'.ALL  .BEYBOLDS  AV 

£H  AG  S 

FRICTIOB  FAC 

TOR 

Cn 


ausi  112H,  DATE  01/29/70,  GAS  ilE-AB,  SOLECULAH  dX.  »  29. 7C 

ri!l  =  67,9  ?«  TOUT  »  182.9  E.  .'1A33  FLQM  2ATE  »  1<».2  L3/Ha,  I  *  38.4  ASPS,  E  = 
P3,IS  =  .U86,  Oa/BESO  »  .284E-03,  aACa(2)  »  .084,  3ACH(16)  »  ,093,  T.SJRit 


2.  250  VOLTS 
72.3  c 


TC 

X/0 

TW 

TW/TB 

BULK 

HL/aCAS 

BULK 

QGAS 

2* 

if) 

REP  SOLOS 

UUSSSLT 

3I0/rtaFT2 

2 

.  1 

95.6 

1.054 

32001. 

.  172 

151.80 

7658. 6 

.000507 

3 

1.2 

116.4 

1.091 

31938. 

.227 

84.67 

7331.5 

.000486 

4 

2.  1 

129.6 

1.114 

31884. 

.087 

75.75 

8283. 5 

.000549 

5 

4.  1 

142.5 

1.  133 

31759. 

.050 

66. 48 

8530.  1 

.000568 

6 

8.  1 

153,9 

1.144 

31520. 

.036 

6  1.  16 

6705. 5 

.000577 

7 

16.4 

170.7 

1.  154 

3  10  32. 

.038 

55.38 

8702.2 

.000576 

8 

24.5 

182.5 

1.135 

30571. 

.039 

53.28 

8b9o. 6 

.000576 

9 

32.3 

192.  1 

1.  153 

30141. 

.040 

52.53 

8693. 5 

.030576 

10 

40.7 

202.5 

1.151 

29702. 

.044 

51.48 

8670.0 

.000574 

1 1 

48,  7 

211.7 

1.147 

29296. 

.044 

51.  12 

8670,9 

.000574 

12 

56.8 

222.9 

1.  148 

28900. 

.049 

49.42 

8636.6 

.000572 

1  3 

o4.7 

230.5 

1.142 

23528. 

.050 

49.90 

8633. 2 

.000572 

14 

73.0 

240.0 

1.  139 

28  147. 

.054 

49.45 

8607. 2 

.000570 

15 

81.2 

249.9 

1.137 

27790. 

.064 

48.35 

8536.  4 

.000565 

1 6 

89.9 

253.5 

1.  125 

27432. 

.  1 16 

49.39 

8l4j. 6 

.033539 

17 

97,  9 

200.  1 

1.027 

27149. 

.234 

217.  49 

7332.2 

.CC04a6 

?T 

X/D 

STATIC 

TV/TB 

T3  PBESS 

PRESS. (PSIA) 

IF)  OEFiCr 

1 

-.5 

89.3 

1.04 

67.1  -.5d7£-02 

2 

90.0 

87.9 

1.12 

174.4  .1 43E*0 1 

AVSBAGE  PABAHETSSS  3ET'4E38  PBESSURS  TAPS 
AVE3AGE  BULK  BETdOLaS  AVEBAGE  8ALL  BETHOLOS  AVERAGE  PBICTIOU  PAOTOB 

29720.  25898.  .00590 


BUM  116H,  DATE  02/21/76,  GAS  HB'AB,  aOLECOLAB  UT.  >  27.53 

Tia  »  70.1  P.  TOUT  »  154.2  P-  HASS  FLoS  BATE  «  44. 1  LB/HB,  I  »  65.2  ABPS,  B  *  3.753  VOLTS 
pa, IS  «  .465,  GB/BBSa  »  .3088-04,  SACK (2J  »  .247,  aACa(16)  *  .307,  T,SOR8  *  73.0  P 


rc 

I/O 

TW 

r»/T3 

BULK 

HL/QGAS 

BULK 

QGAS 

0» 

Hio 

1.069 

RBYSOLOS 

SUSSELT 

BTU/HRPT2 

2 

,  1 

100497, 

.  .057 

430.23 

24488. 4 

.000481 

3 

1-2 

128.  4. 

1.  129 

100309. 

.130 

188.90 

22963.3 

.003451 

4 

2.1 

140.6 

1.151 

100162. 

.027 

174.  52 

25297. 7 

.000497 

5 

i-1 

uu 

1.  169 

99822. 

.018 

154.26 

2553C.3 

.33053  1 

6 

8.  1 

1.181 

99179. 

.014 

142.00 

25658.  4 

.000504 

7 

13.4 

178.0 

1.  190 

97897. 

.014 

131.66 

25588.4 

.303535 

8 

24.5 

187.6 

1.190 

96690. 

.014 

128.76 

25710.6 

.000505 

9 

32.3 

197.6 

1.  192 

95548, 

.015 

124.98 

25705.2 

.003535 

10 

40.7 

204.5 

1.187 

94370. 

.015 

125.98 

25714.7 

.000505 

11 

4  8.7 

214.2 

1.  188 

93303. 

.016 

122.87 

25714.5 

.030535 

12 

56.8 

223.7 

1.138 

92249. 

.017 

120.23 

25703.5 

.000505 

13 

64.7 

230.9 

1.  184 

91243. 

.  017 

120.46 

25707.0 

.333535 

14 

73.0 

239. S 

1.183 

90219. 

.013 

119.31 

25691.2 

.000505 

15 

31.2 

246,7 

1.  180 

39268. 

.021 

119.52 

25642.6 

.003534 

16 

99.9 

248.5 

1.  167 

38285. 

.035 

126. 47 

25304.5 

.000497 

17 

97.9 

215.2 

1.099 

87476. 

.096 

225.52 

23824.8 

.303463 

STATIC  T4/TB 

1.06 

84.2  1.17 


PBESS 
OBPECr 
-.4508-02 
. 131E»01 


AVEBAGE  PABASETEBS  BETDEES  PBSSSUBB  TAPS 
AVEBAGE  BULK  BETSOLOS  AVSBAGE  BALL  BETNOLDS  AVEBAGE  PBICTION  PASTOR 

94402.  78875.  .00464 


AVBBAGE  PARAHETEBS  BBTREBN  PRESSUBB  TAPS 
AVEBAGB  BOLK  RBrSOLOS  AVERAGE  BALL.  SSICHJLDS  AVERAGE  FBICTIOB  FAZTGB 

38371.  65677.  .03453 


BOH  113H-  BATE  02/21/76,  GAS  BB-AB,  SOLBCOLAR  »T. 27.53 
rm  •  73,1  p,  TOOT  «  407.4  ?.  .IASS  PLOV  RATS  •  44.9  LB/BR,  I  «  123.4  ANPS,  E  • 
PR, IB  >  .465,  GB/BBSa  -  .3S4E-03,  nACR(2)  *  .223,  nACH(16)  =  .339,  7, SUBS 


7.220  V3tTS 
>  73.5  P 


2 

3 

4 

5 

6 
7 
3 
9 

10 

11 

12 

13 

14 

15 

16 
17 


X/0 

.  1 

1.2 
2.  1 

4. 1 

3. 1 

16.4 

24.5 
32.4 

40.3 

48.3 
55.9 
54.  9 

73.3 

31.4 

90.2 

98.2 


rw 

I’) 

179.3, 

278,0 

327.6 
375.  2 
420.  1 

475.3 

519.6 

554.4 
535.9 

613.6 

643.5 
670.2 

594.5 

713.5 

721.4 

605.4 


ra/TB 

1.221 
1.  400 
1.486 
1.554 
1.594 
1.606 
1.601 
1. 504 

v.m 

1.515 
1.494 
1. 469 
1.441 
1.  399 
1.227 


BULK 

REYNOLDS 

101647. 

100972. 

100431. 

99234. 

97016. 

92800. 

89109. 

85370. 

82755. 

80063. 

77558. 

75304, 

73127. 

71175. 

69273. 

67918. 


PT 

1 

2 


X/B 

-.5 

90.2 


STATIC  TW/T8 

PBBSS.  (PSIA) 

109.6  1.13 

90,6  1.40 


TB  PBBSS 

IP)  DSPSCr 

63.0  -.4u3E*02 

384.6  .209E»’01 


AVEBAGE  PABARETERS  BETWEEN  PBESSORE  TAPS 
AVEBAGB  BOLE  REYNOLDS  AVERAGE  WALL  REYNOLDS  AVERAGE  PBICTION  PAOTOR 

35507.  57344.  .00456 


82 


“  a 

C*- 

9  ^ 


RON  117H. 

DATE 

02/21/76,  GAS 

HE-AB,  MOLECULAR  BT 

-  •  27.53 

•> 

TIM  » 

70.  1 

P. 

TOUT  *  287 

.8  P. 

MASS  PLOW  RATE 

»  44.2  LE/HH,  I  » 

103.7 

ARPS.  B  *  5. 

750  VOLTS 

4  •* 

PS, IN 

»  .4 

65, 

GB/BSSO  « 

.  195E- 

03,  RACH(2) 

*  .246, 

RACH  (16) 

«  .352,  r,soHa  » 

74.0  f 

TC 

I/O 

TB 

TB/TB 

BOLE 

ML/QGAS 

BOLE 

USAS 

3» 

5» 

BBYNOLDS 

NUSSELT 

3T0/aaFT2 

'V’ 

2 

.  1 

1  31.7 

1,  136 

100521. 

.065 

451,90 

58166.6 

.301143 

3 

1.2 

202.9 

1.267 

100069. 

.114 

206.43 

55920.5 

.001096 

4 

2.  1 

235.7 

1.324 

99712. 

-037 

179.63 

60203.2 

.301133 

5 

4.  1 

262.7 

1.363 

98903. 

.020 

160.09 

61333.4 

.001202 

/ 

6 

3. 1 

292-  1 

1.393 

97414. 

.017 

143.53 

61607.4 

.001208 

7 

15.4 

331.4 

1.413 

94475. 

.018 

128.26 

61781.0 

.031211 

K 

3 

24.5 

356.  1 

1.409 

91846. 

.013 

122.80 

61365.7 

.301213 

9 

32.4 

379.0 

1.403 

89457. 

.019 

118.39 

61922.7 

.331214 

10 

40.3 

398.6 

1.389 

87095. 

.020 

116.34 

61944.0 

.001214 

1 1 

43.7 

422.0 

1. 383 

85011. 

.021 

112.17 

61932.2 

.331215 

12 

56.3 

439.  1 

1.371 

33026. 

.022 

111.32 

61931.4 

.301215 

13 

64.8 

454.0 

1.355 

81207. 

,022 

11 1. 68 

62031. 4 

.001216 

14 

73.  1 

473.8 

1.346 

79419. 

.024 

109.87 

6193.1.5 

.301215 

K. 

15 

31.3 

490.4 

1.334 

77779. 

.027 

109.50 

61885. 3 

.001213 

16 

90.  1 

491.8 

1.300 

76162. 

.045 

116.51 

60361.7 

.001193 

,  • 

B0 

17 

98.0 

4  15.6 

I.  170 

74930. 

.  175 

195.34 

S3799. 3 

.331355 

B 

PT 

I/O 

STATIC 

TW/TB 

TB 

PRESS 

H 

PRESS.  (PSIA) 

iV 

DSPECt 

■1 

1 

-.5 

97.8 

1.1  1 

oO. 

7  -.4S3E-02 

•  ^ 

■  -1 

2 

90.1 

30.5 

1.30 

272. 

1  .177E»01 

:vi 

HL/QGAS 

BULB 

23AS  _ 

3» 

NUSSELT 

Br0/HRPT2 

.084 

382.46 

361 14.  1 

.301662 

.111 

200.05 

84677.8 

.331634 

.036 

174.60 

91095.0 

.001758 

■ 

.025 

151.19 

92425.3 

.331784 

.021 

135,21 

93059. 2 

.001796 

.021 

121.31 

93442.4 

.331334 

*  • 

.022 

112.57 

93605.2 

.001807 

.023 

107.43 

93754.0 

.331813 

.025 

103.88 

93771.6 

.301813 

.026 

101.56 

93909.9 

.001313 

*  .* 

.028 

98.75 

93379.8 

.331812 

•  _* 

.029 

97.03 

93934.8 

.301313 

.032 

96.28 

93886.6 

.331812 

.034 

96.96 

93763.3 

.001813 

.057 

99.37 

91823.8 

.301772 

.  . 

.283 

147.20 

75035.9 

.301448 

A. 

'.N  *  ■- 


* %  - 


RUN  119h. 

DATE 

02/21/76,  GAS 

HE-AH,  MOLECULAR  3T 

.  •  27.53 

TIB  = 

71.9  ? 

roor  «  452 

:.4  f. 

MASS  PLOW  RATS 

=  44.7  L3/HH,  I  * 

1  30.3 

AMPS.  E  =  7. 

720  VOLI: 

PR, IB 

»  .465, 

GR/HESa  * 

.392S- 

03,  MACH  (2) 

«  .224, 

MACH  (16) 

=  .355,  r,S08a  » 

91.5  F 

TC 

I/O 

r» 

T4/TB 

BULK 

HL/OGAS 

BULK 

QGAS 

a* 

RBINOLDS 

NUSSELT 

BrO/HRE'J2 

2 

.  1 

195.0 

1.247 

101063. 

.088 

379.79 

96546. 3 

.001862 

3 

1.2 

310.6 

1.455 

1003Q8. 

.  1 16 

194.69 

94371.1 

.301830 

4 

2.1 

360.7 

1.540 

99719. 

.033 

175.36 

102932. 5 

.301985 

5 

i'  ’ 

411.2 

1.609 

98383. 

.024 

152.65 

104166.2 

.032009 

6 

3.  1 

463.2 

1,655 

95919. 

.022 

135.40 

104820.5 

.002021 

7 

15.4 

531.4 

1,6  75 

91295. 

.022 

119.03 

105273.4 

.302033 

3 

24.5 

534.3 

1.671 

37300. 

.024 

109.  16 

105467,6 

.002034 

9 

32.4 

624.  4 

1.650 

33833. 

.025 

103.80 

105644.3 

.032337 

10 

40.8 

657.5 

1.616 

80532. 

.027 

100.70 

105689.0 

.002033 

11 

43.3 

690.9 

1.590 

77699. 

.028 

97,66 

105321.9 

.33234  1 

12 

56.9 

723.9 

1.563 

75087. 

.031 

94.94 

105796. 1 

.302343 

13 

64.9 

752.5 

1,538 

72748. 

.032 

93.43 

105365. 9 

.002042 

1  4 

73,  3 

783.7 

1.514 

70509. 

.035 

91.64 

105799.9 

.332343 

15 

307.  1 

1.435 

68517. 

.039 

91.62 

105602.2 

.002037 

IS 

30.3 

807.6 

1.429 

66592. 

.061 

96.25 

103362. 3 

.331993 

17 

93.2 

675.3 

1.243 

65253. 

.329 

137.89 

31763. 2 

.001577 

PT 

X/D 

STATIC 

TW/TB 

TB 

PRESS 

PRESS. (PSIA) 

IF) 

osFScr 

1 

-.5 

109.1 

1.19 

64. 

3  -.449E-32 

2 

90.3 

83.5 

1.43 

427. 

0  .227E»01 

AVERAGE  PARAMETERS  BETUESM  PRESSURE  TAPS 
AVERAGE  BOLK  RErMOLaS  AVERAGE  HAL2.  REVNOLOS  AVERAGE  RBtGTIOM  PACTOR 

33830.  54636.  .30460 


71.9  P. 

RUN  120H. 

DATS 

02/21/76,  CAS 

ae-A»,  MOLECULAR  NT. 

f  .27.53 

750  VOLTS 

TIN  » 

TOUT  a 

208 

.2  ?. 

MASS  PLOW  RATE 

:  a  43.7  L8/HH.  I  * 

80.8  AMPS,  E  a  4. 

PR, IN 

•  .463 

,  Oa/HBSa  • 

.  121E-03,  aACa(2) 

a  .249, 

MACH (16)  a 

.330,  I,SUaB  • 

80.7  P 

TC 

I/O 

r» 

TN/T8 

BULK 

Hl/QGAS 

BULK 

QGAS 

2 

.  1 

1  ill  0 

1.132 

BBINCLOS 

99419. 

.  103 

BTU/HaPT2 

36159.9 

.000713 

3 

1.2 

163.5 

1.  195 

99143. 

.096 

188.89 

36434. 6 

.000720 

4 

2.  1 

185.4 

1.230 

98914. 

.031 

167.61 

38836. 4 

.000766 

5 

4.  1 

234.  1 

1.258 

98394. 

.021 

148.35 

39274.5 

.000775 

6 

8.1 

217.9 

1.269 

97431. 

.014 

140.04 

39555.  2 

.000780 

7 

16.4 

242.7 

1.295 

95506. 

.015 

127.00 

39501.2 

.000731 

3 

24.5 

262,5 

1.292 

93706. 

.016 

119.  40 

39614.7 

.000781 

9 

32.4 

272.0 

1.  23  1 

92068. 

.015 

120,33 

39678. 3 

.303793 

10 

40.7 

239.6 

1,233 

90392. 

.017 

115.  16 

39645.0 

.300782 

11 

48.  7 

302.7 

1.279 

88882. 

.017 

113.39 

39631.8 

.300793 

12 

56.9 

316.8 

1.276 

87421. 

.019 

110.87 

39651.3 

.033782 

13 

64,7 

UVJ 

1.269 

86044. 

.019 

111.05 

39584. 3 

.000783 

14 

73.  1 

1.  266 

84681. 

,027 

103.35 

39648.9 

.030732 

15 

91.2 

352.0 

1. 259 

93404. 

.024 

109.06 

39585.8 

.000781 

16 

90.0 

353.  9 

1.  237 

32119. 

.038 

115.36 

39029.6 

.330773 

17 

97.9 

316.2 

1.161 

31098. 

.  146 

16  1.25 

35272.3 

.000696 

PT  I/O 

STATIC 

tW/TB 

TB  PRESS 

PRESS, (PSIA) 
1  -.5  95.5 

1.  1  1 

(P)  DEFECT 

61.7  -.451E-02 

2  90.0 

90;6 

1.24 

197.3  .ISIS  >■01 

AVERAGE  PARAMETERS  3ETWE 

SN  PRESSOR 

3  TAPS 

AVERAGE  BULK  REINOLOS  A7SBAG3 

WALL  BEYNOLCS  AY 

ERAGE  PSICTION  PAC 

TOR 

90789. 

69459. 

.00464 

83 


STATIC  TW/I8 

PBESS.  (PStX) 

92.7  1.03 

90.0  1.12 


TB  PBESS 

IF)  DEFECT 

63.3  -.585E-02 

174.5  .  140E«-01 


TC 

X/0 

T9 

T9/T3 

SOLE 

HL/QGAS 

BULB 

33AS 

Q* 

(F) 

BETHOLOS 

NUSSELT 

STU/HBFT2 

2 

.  1 

126.  4 

1,  106 

32051. 

.083 

166.09 

37434.2 

.331267 

3 

1.2 

182.3 

1.205 

31902. 

.  140 

79.94 

35721.2 

.001209 

4 

2.  1 

210.9 

1.253 

31782. 

.044 

70.  18 

39079.5 

.331323 

5 

4.  1 

239.  1 

1.292 

31504. 

.027 

60.73 

39823.1 

.301343 

6 

3.  1 

269.  3 

1.320 

30978. 

.023 

53.68 

40054. 9 

.001356 

7 

IS.  4 

337.3 

1,  332 

29961. 

.023 

48.25 

40154.4 

.301359 

3 

24.5 

335.2 

1.327 

29044, 

.024 

45.79 

40192.7 

.301363 

9 

32.  4 

358.  5 

1.316 

28218. 

.025 

44.46 

40223.7 

.331361 

10 

40.3 

382.3 

1-305 

27407, 

.028 

43.29 

40192.0 

.001360 

1 1 

48.7 

405.  4 

1. 295 

26689. 

.029 

42.22 

40217.4 

.331361 

12 

56.3 

428.  4 

1.285 

26007, 

.032 

41.22 

40  165.  1 

.301359 

13 

64. 3 

448.  2 

1-  272 

25381. 

.033 

40.94 

40176.9 

.301363 

14 

73.  1 

470.  7 

1,261 

24765, 

.337 

40. 25 

40131.7 

.001357 

15 

31.3 

491. 3 

1.  250 

24203. 

.041 

39.84 

39979,7 

.331353 

16 

90,  1 

502.  1 

1.225 

23635. 

.072 

40.91 

38357. 9 

.301315 

17 

93.3 

421.0 

1.093 

23210. 

.275 

31.51 

32487, 7 

.331100 

?T 

X/0 

STATIC 

rW/T8 

ts 

PBESS 

PBESS. (PSIA)  .  . 

DEFECT 

.  137S»31 


AVEBAGE  PASAHETEBS  3ETWEEM  PHESSURS  TAPS 
WSBASE  BULK  PSINOLOS  AVE3ACE  -lAil,  3SIHOL3S  AVEBAGE  fHICTrON  FACTOa 

27853.  22239.  .03539 


^  IB _ I 

'.'jS 


,  _su«  124H-  DATE  3  3/0  1/76,  GAS  HE-AB,  SOLECOIAB  iil 
rr.'l  »  70.5  F,  TOUT  »  183.2  F,  nASS  FLOW  BATE  =  14.2  LB/HB,  I  = 
PB.rS  »  .419,  GB/BESQ  *  .632S-04,  .lACHlB)  »  .113,  EACH  (1b) 


.  =.  15.30 

52.7  A.1PS,  E  =  3.  070  VOLTS 

'  .  127,  r,suaa  »  74.0  f 


fM  W- 


TB 

TB/TB 

aOLK 

HL/QG AS 

l?’.7 

1.043 

BBIHOLOS 

32217. 

.057 

115.6 

1  .038 

32152. 

-  145 

123.  4 

1.  108 

32102- 

.040 

140.0 

1.125 

31904. 

.023 

151.9 

1.  137 

31758. 

.018 

167.3 

1.  145 

31301. 

.019 

179.2 

1.  146 

30867. 

.019 

139.2 

1.  145 

30465. 

.020 

199.6 

1.144 

30051. 

.022 

209.6 

1.  143 

29668. 

.023 

219.9 

1.142 

29294. 

.025 

228.  9 

1.  139 

28939. 

.026 

239.2 

1.  137 

28576. 

.028 

247.3 

1.  134 

28236. 

-032 

251.9 

I.  122 

27888. 

.055 

219.0 

1.056 

27604. 

.  148 

30LK 
NUSSELT 
183.  33 

79.76 

70.71 
61.57 
55.39 

50.77 

48.72 

47.73 
46.30 
45.92 

44.  97 
44.63 
43.84 

43.78 

45.  84 
93.90 


3GAS 

3TU/HBFT2 

15990.7 

14790.6 

15309.8 

16583. 2 

16676.9 
16693.  4 

16694.2 

16691.6 

16676.9 

16675.6 

16658. 2 

16650.8 

16625.3 

16571.5 

16219.9 

14866.6 


.330540 

.000500 

.003551 

.000533 

.333563 

.000564 

.333564 

.333564 

.000563 

.333563 

.000563 

.333562 

.300562 

.:30583 

■000548 

.333532 


AVEBAGE  PARAHBTEBS  BE?WEE.>I  PBESSDBS  TAPS 
AVEBAGE  30LK  BEISOLOS  AVERAGE  BALL  BEISOLOS  AVEBAGE  FRICTION  FACTOR 

30057.  26548.  .30584 


a'.' 

-  K 


BON  125H,  DATE  03/01/76,  GAS  HE-AB,  SOLSCOLAB  8T.  »  ,’5.33  _ 

TIM  »  71.3  F.  TOUT  »  345.  3  F.  MASS  FLoS  BATE  »  14.2,L3/HR,  I  «  31.5  A.MPS,  E  »  4.335_V0Lr» 
9B,1M  *  .41^,  GB/BESQ  =•  .U3E-03,  «ACH(2)  »  .113,  MACH(16)  »  .142,  T.SOBB  *  75.5  F 


§  P. 


84 


aUS  12bH.  DATE  03/01/76,  GAS  SE-Aa,  SOLECULAB  ST-  =  15.33 
.9  P,  TOUT  =  167,5  P.  MASS  fto5  BATE  =  24.5  LS/BB,  I  -  68.2  ASPS, 
.419,  GB/BESa  =  .273E-Q4,  aACH(2)  =  .234,  •IACH(16)  »  .291,  T, 


E  *  3. 955  VOLTS 

SUBS  •  76.3  F 


rc 

I/D 

r« 

rw/TB 

SULK 

BL/QGAS 

3ULX 

QGAS 

3* 

jP) 

1.077 

BEYNOLDS 

MDSSELT 

3Ta/HBFT2 

2 

.  1 

133.4 

56023- 

,071 

194. 39 

26468.8 

.000519 

3 

1.2 

126.  6 

1.  119 

55916. 

.090 

114.68 

26052.6 

.300509 

4 

2.  1 

138.0 

1,139 

55829. 

.024 

102.74 

27754.4 

.000543 

5 

4.  1 

148.  1 

1.  153 

556  3C- 

.014 

92-56 

23043.2 

.000549 

6 

8.  1 

159,6 

1.165 

55256. 

.012 

34,37 

28128. 7 

.000550 

7 

15.4 

174.6 

1,  174 

54509. 

.012 

78.  1 1 

2818  1.5 

.300551 

8 

24.5 

186.3 

1.  176 

53802. 

.012 

75.05 

28172.5 

,000551 

9 

32.3 

195.9 

1.  175 

53134- 

-013 

73.75 

28130.6 

.000551 

10 

40.7 

205.9 

1.174 

52438. 

.0  14 

72.53 

28176. 2 

.000551 

1 1 

48.7 

216.  1 

1.  174 

51836. 

.014 

70.88 

28131.5 

.300551 

12 

56.3 

226.0 

1.  174 

51221- 

.015 

69.59 

28173. 7 

.000551 

13 

54.7 

234.6 

1.  171 

50638. 

.016 

69.  27 

28174.0 

.000551 

14 

73.0 

244,  0 

1.  170 

50053. 

.017 

68.55 

28160.4 

.333551 

15 

91.2 

252.6 

1.167 

49498. 

.020 

68.  2  ’ 

28103.0 

.000553 

15 

39.9 

254.  8 

1.  153 

48925. 

.031 

72.99 

27790.9 

.303543 

17 

97.9 

234.  7 

1.107 

48460. 

.  106 

103.78 

25883.9 

.333535 

STATIC  ■'S/TB 

PBESS.  (PSIA) 

76.7  1.36 

66.8  1.15 


PBESS 
DEFBCr 
-.514E-/J2 
. 142EA31 


AVEBAGE  PABASETEBS  3ETSEEM  PBESSDBE  TAPS 
AVEBAGE  aGLE  BErHOLOS  AVEBAGE  BALL  BETNOLOS  AVSBAGE  PBXCTIOB  PACTOB 

52481.  44157.  .00504 


BOM  127H-  OATS  03/01/76,  GAS  BB-AB,  MOLSCOLAS  ST.  *  15.30 

TIM  »  73.2  P,  TOOT  »  510.4  P,  MASS  PLOB  BATE  »  14.1  LB/HB,  I  »  102.2  AfIPS,  E  =  5.990  VOLTS 
?a,IM  <  .419,  GB/BESd  >  .2S6E-03.  .1ACa(2)  >  .112,  MACH  (16)  *  .156,  T,S0BB  ’  73.5  ? 


TS 

I/O 

T9 

T9/TB 

BULK 

BL/QG  AS 

30  LIT 

QGAS 

3* 

•  •* 

BETM0L3S 

MOSSELT 

3TU/HaFT2 

*  ' 

2 

.  1 

1^2.7 

1.  149 

31735. 

.074 

184.51 

59526.6 

.002016 

3 

1.2 

246,  1 

1.313 

31502. 

.  146 

80.63 

56131.8 

,001901 

4 

2.  1 

290,2 

1.385 

31316. 

.046 

71.05 

61737.6 

.002091 

n 

5 

4.  1 

334,  9 

1. 443 

30885. 

61,06 

62919.0 

.002131 

6 

3.  1 

383.9 

1. 484 

30094, 

.027 

53.20 

63302.9 

.002144 

/• 

7 

16.  4 

444.9 

1.492 

28608. 

.027 

46.97 

63534. 8 

.002152 

* 

3 

24.5 

489.5 

1.476 

27325. 

.029 

43.95 

63620.6 

.032155 

9 

32.4 

525.6 

1.451 

26210. 

.031 

42.  31 

63695.6 

.002153 

10 

40.8 

560.4 

1.423 

25151. 

.034 

4  1.  16 

63651. 5 

.002156 

• , 

1 1 

48.3 

594.0 

1.  399 

24240. 

,035 

40.21 

63739.0 

.302159 

12 

56,  9 

639.7 

1.391 

23383. 

.041 

37.65 

63552.0 

.002153 

• 

13 

64.9 

670.  4 

1.  367 

22626. 

.043 

37,22 

63580.9 

.302154 

14 

73.2 

701.5 

1 . 344 

21905. 

.047 

36.90 

63462. 2 

.002150 

15 

31.4 

731.0 

1.321 

21258. 

.053 

36.71 

63232.0 

.332142 

16 

90.2 

744.5 

1.231 

20629. 

.090 

37.92 

51124.7 

.332373 

17 

98.2 

613.6 

1.  106 

20199, 

,455 

73.31 

45405.6 

,001538 

•  ; 

?T  I/O 

STATIC 

TM/TB 

TB  PBESS 

PBESS. (PSIA) 

It)  OEPBCT 

1  -.5 

9  2.7 

1.12 

72.3  -.588E-02 

2  90.2 

38.  1 

1.28 

430.4  .236E»01 

AVEBAGE  PABAHETEBS  SETBEEH  PBESSOBE  TAPS 
AVEBAGE  BULK  BETMOLOS  AVEBAGE  SALL  BEINOLDS  AVEBAGE  PBICTIOM  PACTOB 

26198.  19810,  .00605 


85 


_  12aH,  DATE  33/01/76,  GAS  HB-A2,  nOLECOLAB  WT.  «  15.33 

Tin  »  7#.1  P,  root  •  S88.5  P.  MASS  PloS  HATE  «  11.1  1.8/Ha,  I  »  121.2  ARPS, 
- ESQ  »  .355B-C3,  »ACH(2J  *  .113,  aAC.H(16)  »  .171,  r,3 


aON 

IP,  root  • 
pa, IS  ■  .i»i$,  sa/R! 


E  « 

soaa 


7.290  73LrS 
>  31.5  r 


ATERAGB  PARARETEBS  BETtEEN  PRESSORE  TAPS 
AVERAGE  SOLE  RETEOLOS  AVERAGE  HAL!.  RETHOLOS  AVERAGE  PRt:TIO!l  PAETOB 

25029.  17357.  .30616 


rc 

I/O 

t« 

TB/TO 

BULK 

Ht/QGAS 

30LK 

uGAS 

3tO/HBFT2 
83373.  1 

a* 

REYNOLDS 

NOSSELI 

2 

.1 

198.3 

1.229 

31632. 

.032 

165.34 

.002316 

3 

1.2 

311:  S 

1.453 

31357. 

.  143 

77.77 

79470.5 

.002684 

4 

2.  1 

1.564 

31095. 

.051 

67.  10 

87057.8 

.002940 

0 

5 

4.  1 

469.3 

1.659 

30496. 

29427. 

.036 

56.  17 
47,83 

88733.3 

.002997 

6 

3.  1 

548.2 

1.723 

.034 

8946  1.2 

.003021 

i\ 

7 

16.  4 

647.6 

1.735 

27484. 

.036 

40.69 

89974.6 

.003035 

K  ^ 

3 

24.6 

717.2 

1.704 

25876. 

.040 

37.  13 

89973.3 

.003033 

9 

32.5 

771.0 

1.660 

mil: 

.043 

35.15 

90049.4 

.003041 

10 

4  0.9 

821.  7 

1.611 

.048 

33.63 

89939.3 

.333037 

11 

48.9 

867.3 

1.567 

22229. 

.051 

32.63 

89946.  1 

.003038 

12 

57.0 

911.3 

1.525 

21293. 

.056 

31.84 

89781.9 

.033032 

v\ 

13 

65.0 

945.9 

1.480 

20470. 

.060 

31.78 

39669.4 

.303329 

v 

14 

73.4 

970.2 

1.425 

19694. 

.061 

32.82 

39734.8 

.003030 

15 

81.6 

1026.5 

1.408 

18974. 

.074 

31.14 

88954.9 

.003004 

16 

90.4 

1037.3 

1.349 

18330. 

.117 

32.38 

85589. 3 

.002890 

•  1' 

17 

33.4 

848.7 

1.  139 

17941. 

.875 

46.57 

50360.7 

.001701 

PT 

I/O 

STATIC 

TW/TB 

78  PRESS 

PBBSS.  (PSIA) 

(F)  DEFECT 

74.4  -.583B-02 

1 

-.5 

92.7 

1.18 

2 

90.4 

87.0 

1.35 

650.4  .290E»ai 

6 

.,e  -  -SSJ  ’295.  OATS  03/01/76,  GAS  RB-At,  SOLBCULAR  BT.  •  15.33 

TIS  ■  75.4  P,  T30T  ■  306.3  P,  IASS  PLOW  HAtS  »  24.4  LB/HR,  I  *  102.4  A8PS, 
?a,rs  •  .4li,  GB/RSSQ  •  .fi09B-04,  RACU(2)  «  .233,  RACHflB)  «  .335,  ijs 


TC 

X/0 

ta 

t  Vr 

TW/TB 

2 

.  1 

1iill2 

1.  148 

3 

202.0 

1.249 

4 

2.  1 

229.0 

1.295 

5 

4.  1 

256.0 

1.333 

6 

3.  1 

284.9 

1.361 

7 

16.4 

321.9 

1.376 

3 

24.5 

349.3 

1.  375 

9 

32.  4 

371.8 

1.367 

10 

43.3 

394.6 

1.358 

1 1 

48.  7 

416.7 

1.350 

12 

56.8 

437.9 

1.  342 

13 

64.3 

456.3 

1.331 

14 

73.  1 

476.6 

1.  321 

15 

91.3 

495.4 

1.311 

16 

90.  1 

500.  3 

1.281 

17 

98.0 

44  7.0 

1.  183 

BOLE 

BBTNOIOS 

55262. 

55020. 

54930. 

54396. 

53582. 

51992. 

50553. 

49261. 

47980. 

46841. 

45765. 

44774. 

43796. 

429C6. 

4  20  19. 
41340. 


RL/QGAS 

.079 

.096 

.026 

.018 

.015 

.015 

.016 

.017 

.018 

.019 

.020 

.023 
.026 
.042 
.  194 


BO  IX 
NUSSELT 
204.06 
113.76 
101.31 
88.79 

79.42 
71.72 
67.93 
65.87 
64.05 
62.36 
61.05 
60.53 
59.71 
59.21 
62.50 

86.43 


B  « 
SORB 


QGAS 

3rj/HBPr2 

59450.1 
58758.  8 
32352.8 

63512.7 

63791.5 
63959.3 

64045. 7 
64119.  4 

64126.6 
64191.  1 

64179.8 

64223.2 

64199.6 

64093. 3 
63112.5 
54878.2 


5.925  VOLTS 
>  82.0  P 


a* 

.031162 

.001149 

.301223 

.001242 

.001247 

.001251 

.001252 

.001254 

.001254 

.001255 

.001255 

.001256 

.001255 

.001253 

.031234 

.001073 


a 


?T 

1 

2 


X/B 

90ll 


STATIC 
PBES|^  (^SIA) 

6313 


r»/T8 

1.12 

1.29 


TB 

i^’.o 

289.7 


PRESS 
oEPscr 
-.SiSe-oq 
.  194E*01 


.  — PARABETERS  BETSEE!!  PRESSORE  TAPS 
AVERAGE  aOLK  RBISOLOS  AVERAGE  HALL  REYNOLDS  AVERAGE  FRICTION  FACTOR 

48657.  36411.  .30516 


V 


aos  130H.  3ATS  03/31/76,  GAS  BB-AH,  BOtECOLAB  4T.  «  ^15.33 
ns  «  76.3  F.  root  »  1*53.5  P.  BASS  FLQK  HATE  «  24.3  LB/Ha,  I,*  126.0  AKPS.  B  ? 
Pfi.IS  •  .»l4,  3a/BESa  *  .^438-03,  BACH  (2)  •  .186,  BACH  (16)  »  .272,  r.SORa 


7.440  irOLtS 
■  34.7  f 


TC 

I/D 

ta 

Ta/TB 

2 

.  1 

iir.  9 

1.  196 

3 

1.2 

269.7 

1.360 

4 

2.  1 

312.3 

1.432 

5 

4.  1 

355.8 

1.489 

5 

9.  1 

402.4 

1.530 

7 

16.4 

461.6 

1.545 

a 

24.5 

504.2 

1.534 

9 

10 

40.8 

1.491 

11 

48.3 

637.3 

12 

56.9 

637.7 

1.450 

13 

64.9 

662.7 

14 

73.2 

693.9 

1.405 

15 

31.4 

717.8 

1.381 

16 

90.2 

726.5 

1.338 

17 

98.2 

635.9 

1.  199 

BOtK 

BBYSOLOS 

54594, 

54332. 

53942. 

53283. 

52069. 

49774. 

47770. 

46013. 

44322. 

42858. 

41496. 

tUU: 

37995. 

36954. 

36201. 


HL/OSAS 


BULK 

SUSSELt 

213.59 

113.25 

99.33 

36.74 
76.53 
67.78 
63.44 
60.84 
53.65 

56.74 
55.49 

n:ll 


23AS 

3T'J/HaPT2 
90605.  1 

39109.7 

95469.5 

96646.6 
97152.0 
97526. 1 

97719. 8 

97882.3 
97915.0 

98040.9 

98031. 8 

98127.4 

98054.9 

97928.3 

96081. 4 
77413.0 


.001775 

.001747 

,001371 

.001894 

.301904 

.001912 

.001915 

.001919 

.001919 

.001923 

.001922 

.001919 

.001883 

.001517 


STATIC 

P8Es|g(isiA) 

84*  1 


PRESS 

OEPBCr 

-.5iSe-02 

.222E»01 


AVERAGE  PARABBTERS  BBTUBBS  PRESSURE  ...... 

AVERAGE  BULK  RBTSOLOS  AVERAGE  aALL^REtSOLOS  AVERAGE  PHICTIOS  PA-TOR 

45799.  32»S5.  .00524 


BOS  131S.  DATE  03/01/76.  GAS  HE-AH,  ,.BOLECUlA|  aT.,«  ’^22  . 

tIS  •  76.8  t,  TOOT  •  62J.6  T.  BASS  PLOB  RATE  -  24.2  LB/HR,  I  •  ’5’ • ’  I 

PR, IS  »  .415,  aa/RSS<a  »  .506E-03,  aACH(2)  ■  .186,  BACH(16)  »  .305,  T.SJRB 


9.100  VOLTS 
>  37.0  P 


ta 

42112 

489.8 

11:1 

725.6 
779.4 
929.  3 

875.3 

917.6 
950.  2 

938.4 
1021.4 
1029.2 

381.1 


SULK 

REISOLOS 

54345. 

53822. 

53404. 

52465. 

50784. 

47695. 

45111. 

42927. 

40888. 

39149. 

37603. 

36241. 

34946. 

33801. 

32649. 

31940. 


SL/QGAS 


BULK 

SUSSELT 

228.80 

113.99 

98.69 

54.00 

51.60 

49.69 
48.40 
48.16 

47.53 
47.56 

49.53 
61.94 


mm 

138017. 9 
139860.7 

140826.2 

141568.6 

141910.3 

142391.6 

142387.7 

142459. 1 

142406. 3 

142063. 1 
138833.6 

97924.7 


.032709 

.002745 

.002764 

.002779 

.302785 

.002790 

.302791 

.302794 

.002794 

.002795 

.332733 

.002725 

.301923 


STATIC 
PBSS|.  (|SZA) 

so:  9 


TB 

mi 

588.0 


PRESS 

OBPBCT 

•.517B-02 

.28CE*01 


AVERAGE  PAPABETSaS  BEIWEES  PRESSURE  TAPS 
AVERAGE  BULK  REISOLOS  AVERAGE  SALL. R EYSOLOS  AV4RAGB  PBICTIOJ  PA.IOR 

43534.  28483.  .30526 


TIN  » 

78.1  F. 

BUM  133H, 
TOOT  ■  174 

OATS 

.6  ?. 

03/1C/76,  GAS 
NASS  FLOS  BATS 

BE,  9CLEC0LAB  B 
*  11.6  LS/ua.  I  » 

?H,IN 

»  .667 

,  GB/HESQ  ■ 

.1122-04,  -ACH{2) 

«  .162, 

NACH  (16) 

TC 

.’C/D 

TB 

TW/TB 

BULK 

ai/uGAS 

30  LX 

2 

.  1 

Ills 

1.048 

3STN0LDS 

30117. 

.040 

NUSSELT 

240.47 

3 

1.2 

131.5 

1.105 

30065. 

.072 

95.70 

4 

2.  1 

142.  2 

1.  124 

30026. 

.014 

85.14 

5 

4.1 

152.  4 

1.138 

29935. 

.010 

75.59 

6 

3.  1 

162.5 

1.148 

29765. 

.008 

69.48 

7 

16.4 

175.7 

1.154 

29425. 

.008 

64.99 

3 

24.5 

185.  3 

1.  154 

29100. 

.008 

63.51 

9 

32.3 

194. C 

1.153 

28791. 

.008 

62.57 

10 

40.7 

201.8 

1.  149 

28476. 

.  1,0  8 

62.70 

1 1 

49.7 

211.1 

1 .149 

28184. 

.009 

61.46 

12 

56.8 

ilVA 

1.  148 

27894. 

.009 

60.51 

13 

64.7 

1.144 

276  16. 

.009 

60.34 

14 

73.0 

236.3 

1.143 

27337. 

.010 

60.09 

15 

91.2 

242.6 

1.137 

27070. 

.011 

61.22 

16 

89.  9 

244.  9 

1.  125 

26791. 

.CIS 

66.07 

17 

97.9 

230.6 

1.088 

26356. 

.064 

91.05 

QSAS 

3TU/H3fT2 
4UU46. 3 

43227. 7 

45754.2 

••5964.  4 

46085.2 

46138.3 

46169.3 

46185.4 

46196.7 
46215.  1 

46219.4 

46233. 4 

46227.2 

46195. 3 

turn 


.003476 
.  0  C  C  4  63 
.000493 
.00C493 
.  300494 
.003494 
.030495 
.C9J495 
.050495 
.  300495 
.000495 
.003495 
.030495 
.CC0495 


STATIC  TB/T! 

PBBSS.  (PSIA) 

1C3.1  1.04 

96.3  1.12 


PBBSS 
OBPBCr 
-.S96B-02 
.  151E*01 


AVEBAGE  PABASETEBS  BETBESS  PRESSOBE  TAPS 
AVEBASB  BULK  BSTBOLOS  AVEBAGE  BALE  BETilOLOS  AVEBAGE  PBICTION  FACTOR 

23457.  25C93.  .00622 


BOH  134H.  OATS  03/10/76,  GAS  BE,  SOLECULAE  BT,  •  “.OSil  .  •»  aan  .n 

TIM  «  77*7  ?.  TOUT  *  32^9^  Pt  MASS  riC4  RATE  •  11*6  LS/HR.  J  •  ^^56^*  AflPS,  S  • 

?.9,r.V  «  .66^,  GB/EESg  i  .1721-04,  3AC«(2>  «  .162,  aAt5(16)  «  .21  1,  1,5338  •  78.0  F 


7.390  VOLTE 


7 

16.4 

l2?.i 

3 

24.5 

34(1.7 

1 . 354 

9 

32.4 

)66*  9 

1.343 

10 

40.8 

386.1 

1.328 

1  1 

48.  7 

407.3 

1.321 

36. 8 

427.7 

13 

444.  8 

1.297 

14 

03.  1 

464.7 

1.237 

15 

31.3 

48  1. 9 

1.274 

1ft 

90.1 

483.6 

1.240 

17 

93.0 

452.4 

1.  169 

SOLK 

BETMOLOS 
3C14C  . 
3C016. 

imi: 

29305. 

hni: 

27148. 
26497. 
25914. 
25358. 
24841  . 
24327. 
23854. 
23340. 
22896. 


aL/3GAS 


BOLE 

93.96 

?§:I! 

66.58 

61.08 

58.80 

57.56 

56.92 
55.47 
54.63 
54.52 

53.92 
53.99 
58.76 
74  .49 


QGAS  ^ 
3TU/HaPT2 

106721.3 
1C6024.3 

111182.7 
111915.  1 
112277.2 

112565.8 

112741. 7 

112881.9 

112966. 1 

113097.4 

113157.9 
113264.0 

113295.2 

113261.7 
112379.0 

102462.4 


.001143 
.001135 
.001190 
.  1:0  11 98 
.001202 
.00  1205 
.001207 
.00 1208 
.001209 
.031211 
.001211 
.CO  1213 
.001213 
.001213 
.001203 
.0:  1097 


STATIC 
PRESS.  (^SI A, 


IB  PBESS 

<F)  OEFSCT 

7411  -.596E-32 

301.4  .199E*01 


AVEBAGE  PABAEETEBS  BETWEEN  PHESSOBE  TAPS 
AVSBAGE  BULK  SEINOLOS  AVEBAGE  BALL  BEINOLOS  AVEaA»t  FBICiICN  FAC.Oa 

26749.  20976.  .C0o34 


’.'^-J^J'TT^ 


S-: 


^  *.■■ 


’OS  135H.  DATS  03/10/76,  GAS  SS,  SOlSCOtAB  ST.  *  »  -  ic 

<wTM  •■?‘7  7  9  *1*0 f!^  s  u7^  7  ?  '*ASS  ?Lo6  sate  *  11*6  1*B/Hil*  x  *  171*2  AKPS#  S  •  1'i 
?i?lJ  ”*!66^.”a/ahQ  ^  fl352-C4:  SACH(2)  -  .163.  aAcft(16)  -  .235,  T.SOaS  * 


TC 


4 

5 

6 
7 
3 
9 

10 
1 1 
12 
13 
iu 

15 

16 
17 


r/D 

.  1 
1.2 
2.  1 
i».  1 
8.  1 
16.!* 
26.5 

32.4 

4C.a 

48.9 

56.9 

64.9 
73.  3 

81.4 

90.2 

98.2 


TW 

1^^l3 

294.1 

338.5 

379.5 

423.6 

479.8 

520.2 

552.4 

383.9 

616.6 
648.0 
573.7 

703.2 

728.4 

731.5 

680.5 


TS/T3 

1.215 

1.398 

1.471 

1.523 

]'Mi 

1.545 
1.518 
1.489 
1.467 
1. 445 
1.413 
1.396 
1.371 
1.321 
1.224 


BULK 

aSTSOLDS 
30091. 
29894. 
29741 . 
29402. 
28772. 
27580. 
26536. 
25616. 
24725. 
23949. 
23168. 


?T 

1 

2 


J1861. 

21295. 

20735. 

20303. 


X/0 

-.5 

90.3 


HL/UGAS 

.055 
.061 
.017 
.012 
.011 
.011 
.012 
.012 
.013 
.013 
.015 
.CIS 
.017 
.019 
.023 
.  183 


BULK 
SUSSBLT 
178.22 
93.  *6 

81.58 
72.05 

64.59 
S3.  17 
55.06 
53.40 
52.20 
50.81 
49.64 
49.42 
48.97 
49.15 
53.24 
64.29 


TS/TB 


OG  AS 

3T0/a2fT2 

170678.3 
17C966. 9 

173844.3 

180275.8 

181028.5 
18  1743. 6 

162172.1 
182524. ? 

182743. 1 
183CS8.2 

133221.5 

183458.5 
18356  9. 7 

183551.8 

131837.3 

157493.5 


.001938 
.001946 
.001950 
.001954 
.00  1956 
.001960 
.001962 
.001964 
.0C19o5 
.001965 
.001947 
.001680 


STATIC 

paSSS.{?SIA)  ,  _ 
103.1  1.16 

91.6  1.32 


TB 

■^4*.7 

442.3 


PBESS 

DEFECT 

•.596E-02 

.2536*01 


AFEEAGE  bulk  8ETSOLOr“*'’!vlf*Sf|S!!  FACTOB 

25428.  18139.  .00i»S2 


XIS  .  76.8  F,  t58?  ItlE  .  E  .  K-OIS  volts 

pa, IS  •  .63^,  Ga/aSSQ  ■  .598E“04,  SACU  (2)  *  .162,  9ACa(16)  ■  .258,  T,SU«B  »  86.5  F 


TC 

2 

3 

4 

5 

6 
7 
3 
9 

10 
1 1 
12 

13 

14 

15 

16 
17 


I/O 

ill 
2.  1 
4.1 
3.  1 

16.4 
24.6 

32.5 
40.  9 
48.  9 
57.0 
65.0 

73.4 

81.6 

90.4 

98.4 


TS 

2l?l2 

369.2 
434.  9 

493.7 

559.9 

642.3 

699.2 

744.9 

737.2 
329.0 
867.  2 

399.8 
938.  4 

972.9 

977.2 

897.4 


TS/TB 

1.289 
1.533 
1.640 
1.711 
1.760 
1.760 
1.7  25 
1.682 
1.533 
1.594 
1,554 
1.S13 
1.479 
1.446 
1.332 
1.253 


BULK 


urn: 

23201. 

22265. 

21460. 

20737. 


PT 

1 

2 


19419. 

18813. 

18368. 


I/O 


ai/QGAS 

.050 

.060 

.019 

.013 

.013 

.013 

.014 

.015 

.016 

.017 

.018 

.019 

.021 

.024 

.035 

.260 


BULK 

SU|SE|7 

94r72 
81.07 
70.94 
62.43 
55.00 
51.41 
49.27 
47.77 
46.40 
45.68 
45.50 
4J  15 
45,  11 
48.57 
57.06 


TS/TB 


OCAS 

233974.0 

244549.5 

246839.2 

248133.9 
249459.0 

250214.1 
250806.7 

251208.9 
251634.4 

251989.9 

252310.2 

249770.0 

204094.9 


a* 

.002510 

.002511 

.002625 

.002649 

.002653 

.002677 

.002686 

.002692 

.002696 

.002701 

.002705 

.002708 

.002711 

.002710 

.002681 

.002191 


-.5 

90.4 


STATIC 

PBESS.  (PSIA)  , 
103.2  1.22 

89.2  1.38 


T3 

579.9 


PBESS 
DEFECT 
-.*96E-C2 
.309E*C 1 


I 


AVEBAGS  PABA-SETEBS  8ET9EES  PBESSUBE  TAPS  = 

AVBHAGB  BULK  BEISOLOS  AVESAGE  BALL  BET SOLD3  AVEHAGt  ?aiC..OS  FAC. OB 

24454.  16195.  .00669 


"I'l 


2.0  F 

a* 

.001327 

.001830 

.001915 

WA 


.s’-'J 


iU 


■  _  ♦  I*.  < 

.^1 


i 


t 


89 


.»-V-  .--A 


'J•?.^^>'*> "».'-T'-’^y’;  ■.’>.'>  *y  *.>!  "51  f.t  ■.-'  '.f  ■  .■.W 1^  •y*ji m  yii^ 


y. 


SJN  !<.?-(,  04TE  3<./02/76*  54$  tl*  t  MOLtCULiS  viT.  •  !e.<S7 

tin  .  74.5  Ft  rCUT  •  153.5  Ft  .“4$$  FLJW  P4T$  •  35.6  L3/HR.  I  »  6*. 2  4;3i»S.  '  • 
PP.IN  •  .72C.  5S/aeS3  •  .lt2S-vi3.  '34CH(2)  .  .225.  74C:-t(lt)  •  .250.  T.'t'JP* 


3.555  VOLTS 
>  7t.7  F 


5 

6 
7 
b 
9 

lU 

u 

13 

14 

15 
It 
17 


4.1 

?.l 

16.4 

24.5 

32.4 

40.7 

45.7 

56.2 

64.7 
73.0 

51.2 

59.5 

97.9 


160.9 

171.3 
155.0 

195.5 

203.3 

211.6 

111.1 

iU:? 

249.9 
245.5 

212.1 


1.164 

1.176 

1.185 

1.188 


1.156 

■..133 


1. 
1.133 
1.184 
1.180 
1.178 
1.176 
1.158 
1.086 


99667. 

99137. 

9a056. 

97C25. 

96C50. 

95072. 

tUH: 

92382. 
9 148  5  * 
90829. 
59740. 
59002. 


.019 

.015 

.015 

.015 

.015 

.016 


204.87 
159. u3 

175.74 

165.74 
163.21 
163.54 


.Old 

.019 


160.06 

157. 4H 


24745.1 
24C62.9 
24599.5 

24911.1 

24922.1 
24917.4 


.022 

.035 

.392 


24423.1 

24915.6 


,  j  5 . 4  2 
154. 10 
166.39 
304.19 


J4916.8 

24904.3 

24847.9 

24527.5 

23175.2 


.C0C441 

.100443 

,000444 

.CC0444 

.CC0445 

.CC0444 

.000445 

.CCC444 

.C0C444 

.C00444 

.CC0443 

.0C0437 

.■•03413 


AvesAGc  3l;l<  asY>(ai.QS 
94992. 


average  wall  reynolqs 

8C621. 


AVERAGE  FRICTION  FACTCR 
.00451 


90 


A:.! 


TC 

x/a 

TW 

IF) 

TW/T9 

9UL.< 

retnglos 

HL/OGAS 

BUL4 

NtSSeLT 

OGaO 

2TLi/MHFT2 

«♦ 

2 

.1 

1C3.8 

1.064 

100225. 

.074 

550. ec 

23356.1 

21993.2 

.C0&417 

3 

1.2 

137.5 

1.126 

100068  . 

.145 

244.03 

.C00392 

yjy 

<» 

2.1 

149.9 

1.148 

99947. 

.031 

225.05 

.000436 

_  ar 

.V 


It 


RT  X/0 

STATIC  TW/T3 

T8 

PRESS 

PRESS. iRSIA) 

(FI 

3EFr;T 

1  -.5 

92.1  1.05 

69,6 

-.45C?-02 

2  90.0 

84.4  1.16 

151.7 

.117E*01 

AVERAGE  FADtlfsTeHS  SETWrcN  RR2$3>jR 

■  TAPS 

ill 

-i 


•.V, 


.  i 


ifd 


TIN  . 

75.9 

RUN  150H 

.  OAT: 

04/02/76.  GAS 

AIR  .  rOLECULAR  WT.  •  2».97 

F  f 

TOUT  •  256.5  Ft 

NASS  flow  rate 

•  35.4  L3/hR,  I  •  69.1 

ANPS,  F  >  5. 

720  volts 

PS. IN 

•  . 

72C# 

GR/RE$0 

•  .3868-03.  NACh«2) 

•  .224. 

rACHtitl  .  .293»  T.SURR  • 

79.5  F 

.  ■  . 

TC 

X/0 

T'W 

TW/T8 

SULK 

ML/OGAS 

SULK 

OGAS 

0* 

I’v;' 

2 

.1 

(FI 

131.5 

1.150 

aerNOLOS 

99494. 

.092 

NUSSjLT 

50<t  •  CO 

3TU/HRFT2 

55011.5 

.C00983 

Lv 

3 

1.2 

230.2 

1.293 

99120. 

.137 

240.39 

53151.4 

.C0095C 

4 

?•} 

1.354 

98827. 

.041 

58175.8 

.001036 

P 

{■ 

B 

.  1 

295. C 

1.397 

95164, 

.025 

59249.8 

.001053 

6 

5.1 

322.4 

1.425 

96918. 

.021 

174.64 

59609.6 

.C01365 

7 

16.4 

355.4 

1.437 

94489. 

.020 

163.24 

59707.0 

.OOlweF 

*  %* 

8 

24.5 

379.2 

1.433 

92278. 

.C20 

152.72 

59685.4 

.001070 

* 

9 

32.4 

398.8 

1.424 

90227. 

.020 

145.02 

59959.7 

.CC1C71 

'V* 

1C 

40.6 

419.1 

1.414 

55145. 

.022 

143. 3S 

59952. » 

.001071 

.001072 

•  * 

11 

48.7 

437.5 

1.403 

56299. 

.022 

140. C5 

60020.5 

12 

56.8 

456.0 

1.393 

54540. 

.024 

136.96 

59995.6 

.CC1072 

,*^v 

13 

64.8 

470.9 

1.379 

52926. 

.324 

135.99 

134.64 

6C037.7 

.001073 

.»*•  > 

14 

73.2 

486.6 

1.365 

31338. 

.026 

60C04.9 

.001072 

15 

81.3 

302.6 

1.353 

79850. 

.029 

133. (/3 

59e'93.1 

.001070 

16 

90.1 

SCI. 8 

1.317 

75341. 

.047 

139. <.6 

38521.6 

.001051 

17 

98.0 

403.5 

1.163 

77201. 

.166 

244,07 

52513.7 

.CC0938 

pt  x/0  static 

PRESS. CRSIAI 

T'./r3  T3 

(FI 

PRjSS 

osf eCt 

‘.•l 

1  -.5 

92.1 

1.12  71. 

1.32  270. 

5  -.4512-02 

7  .I55E»0: 

2  90. 1 

52.0 

It’*  H 

AVERAGE  PASANE 

TeRS  3ETWE 

=Rc$S'JfE  TAPS 

P 

&  V  e  4 

AGS  SL'L'L 

PR'^NOLOS  average 

•ALL  REYn; 

LOS  AVEPaOc 

PSICTI'N  FACTCR 

86  942 

• 

65447. 

.00452 

.V 

n: 

k>  5»\3 

■  M 


..•kW  •-  'w  •-  •- 


S'JN  UH.  ?4T5  CW/QZ/ri.  CAS  AlR  .  fCLiCL'LAA 
tin  •  77.2  f.  TuJT  •  f,  "ASS  ?LJ.  fATj  •  3i.T  H/Hk.  I  •  iZ2.7  A"P',  s  •  T.ZeO  vgi 

"R.IN  •  ,720.  GS/R2S3  •  .5e9£— J3.  "ACMIZ)  •  .229.  ."AC.^Ut)  •  .3iA,  T,SL’»  •  s2.C  r 


TO 

»/0 

TW 

(Ft 

197.9 

TW/TB 

2 

.1 

3 

1.2 

320.3 

1.953 

9 

2.1 

373.6 

1.599 

5 

9 . 1 

922.1 

1.613 

6 

3.1 

963.2 

1.635 

7 

l0.9 

523.7 

1.669 

6 

29.5 

569,9 

1.659 

9 

32.9 

595.6 

1.639 

10 

90.8 

630.5 

1.619 

11 

-8.8 

653.6 

1.595 

12 

56.9 

687.7 

1.579 

13 

69.9 

709.9 

1.596 

19 

73.3 

73  5.9 

75  9.0 

1.523 

15 

31.5 

1.995 

16 

90.2 

752.8 

1.991 

17 

93.2 

597.9 

1.223 

3CL< 

RjrfinLOS 
9333A. 
93269. 
97b16  . 
96333. 
99937. 
61913. 
33219. 
33332. 
92659. 
30319. 
79066. 
76Cal. 
791C1. 
72309. 
70596. 
69369. 


HL/OCaS 


’'A' 

NLS’iLT 

932.05 

233.10 

211.39 
135.75 
166. e3 
199.1c 

139.39 
133.29 
127.31 
123.50 
119.03 
117. 3e 
119.99 
119. cO 
113.65 
199.09 


:gas 

3T0/H9PT2 

33993.6 

31761.5 

39933.5 

91335.6 
91976.3 
92279.0 

92599. 2 

92701.3 

92669.7 

92519.9 

92766.7 

92696.7 
92762.2 

92603.9 

90512.9 

75101.9 


.COlSuZ 

.001962 

.coieoe 

.001633 

.001695 

.001652 

.001655 

.001655 

.001656 

.001660 

.001659 

.C01660 

.Ceie59 

.001656 

.001610 

.CC1393 


static  TW/TS 

?9£S$.(6SIA) 

91.9  1.13 

79.3  1.99 


peec  « 

DiMCT 
-.951£-C2 
.  lo<,!»01 


AVcRAOE  698Ar*;Tei)S  9-TWE6N  P9:SSuK£  TAPS 
AViRAGs  aUCK  R6YNQL0S  AVERaGc  toACL  RSTNQLOS  A'/SSAGe  RR1CTT3')  PACTCR 

69755.  55997.  .00962 


RUN  152H.  OATS  09/02/76.  GAS  AIR  ,  rCL'CULAR  wT.  •  .23.97 
TIN  •  77.7  f=.  TOUT  •  527.6  F.  YaSS  FLOW  RATS  •  35.2  t9/HR.  I  •  193.2  ANFS.  S  ;  8.635  VOLTS 
PR. IN  •  .719.  GR/RESa  •  .306E-03.  5ACh<2)  •  .223.  NAC.-HUI  •  .359.  T.SURR  ■  87.0  F 


TO 

X/0 

T8 

(FI 

297,9 

TW/T8 

2 

.1 

1.322 

3 

1.2 

9ij.a 

1.519 

9 

2.1 

939.3 

1.  /97 

e 

9.1 

559.5 

1.893 

t 

a.i 

623.9 

1.902 

7 

16.5 

709.2 

1.911 

8 

29.6 

766.5 

1.305 

9 

32.5 

ail. 7 

1.398 

10 

90.9 

356.1 

1.807 

11 

98.9 

895.9 

1.770 

12 

57.0 

932.7 

1.732 

13 

6  5.0 

961.0 

1.689 

19 

73.9 

999.1 

1.652 

15 

31.6 

1015.1 

1.507 

16 

90.9 

1009.6 

1.535 

17 

96.9 

790.8 

1.266 

3ULK 

RSTNOLOS 
93212. 
97933 . 
96617. 
15992. 
92990. 
33396. 
89330. 
30933. 
77683. 
79936. 
72333. 
70157. 
67995. 
66031. 
69203  . 
62993  . 


HL/OGAS 


auL< 

NUSSELT 

<.69,94 

233.27 

207.59 
130.55 
159. 5e 
190.11 
129.16 
122.25 
115.67 

110.60 
107.38 
105.91 
102.79 
102.60 
105.95 
159.99 


ogas 

6TU/hRFT2 

115191.7 

112076.7 
1{J202.9 

12. 160.9 

126173.* 

1’6692.2 

127061.9 

127279.2 

127275.5 

127363.2 
127399.0 

127369.6 
1272*0.3 

126963.7 

123773.3 
93990.9 


.002066 

.002011 

.002211 

.002296 

.002269 

.002276 

.002261 

.002289 

.002289 

.002236 

.0022*5 

.002286 

.002289 

.002279 

.002221 

.001677 


static  TK/TB 

press. (PSIA) 

91.3  1.25 

76.7  1.53 


TB  PPcSS 

(F)  oef;ct 

79.3  -.952E-02 

997.7  .239E*01 


AVERAGE  PARANETERS  BETWEEN  pRcSSURE  TAPS 
AVERAGE  BULK  REYNOLOS  AVERAGE  WALL  REYNOLDS  aVEPaGE  pRICTISN  FACTC* 

81269,  98907.  .00953 


»'JN  OATS  C4/02/76.  G*S  *1«  •  f^CLeCULA*  WT.  •  2>.«!7 

TIN  •  77.7  Pf  TQIJT  •  171.2  f,  naSS  PL3u  RATS  •  2<5.3  LS/HR,  I  •  39.5  A.1PS»  E  •  3.2tC  VGLTS 

RR.IN  •  .719.  5S/ReS3  •  .23<Je-03.  '•ACh(2l  •  .170.  PACH(16)  •  .iSb.  T.SLR*  •  32.3  F 


TC 

T/D 

Tv 

TW/T3 

3LL< 

HL/OGAS 

»UL< 

OGaS 

0* 

(F» 

REYNOLDS 

NUSSELT 

3TU/HRFT2 

2 

.1 

109.1 

1.063 

31164. 

.033 

441.12 

20123.3 

.000437 

3 

1.2 

141.3 

1.123 

31031. 

.lo5 

203.32 

13763.6 

. j0040  ? 

4 

154.7 

1.145 

30926. 

.037 

191.53 

ncos.i 

.cco4;9 

5 

4.1 

166. 1 

1.162 

30636. 

.022 

172.24 

!1415.7 

. u00465 

0 

3.1 

177.6 

1.174 

30227. 

.013 

158.03 

21523.5 

.CCC46S 

7 

16.4 

190.6 

l.lEl 

79293. 

.017 

143.50 

21564.3 

.000469 

e 

24.5 

201.1 

1.132 

73407. 

.017 

143.  j: 

’157P.3 

.Ct046O 

9 

32.4 

203.9 

1.133 

7759;  . 

.017 

141. ?5 

21364,6 

. C  CC  46  9 

10 

40.7 

213.7 

1.180 

76750. 

.019 

137.54 

21569.2 

.CC0469 

11 

46.7 

227.3 

1.179 

75963. 

.019 

135.46 

21576.9 

.CC0469 

12 

56.3 

235.8 

1.177 

75181. 

.020 

133.22 

21565.6 

.C00469 

13 

64.7 

243.0 

1.174 

74426. 

.021 

132. 6e 

21565.1 

.C00469 

14 

73. C 

251.6 

1.172 

73655. 

.022 

130.72 

21546.5 

.000463 

IJ 

31.2 

25  3.8 

1.166 

72913. 

.026 

130.10 

21492.7 

.000467 

16 

39.9 

259.3 

1.133 

72152. 

.042 

137.31 

211-6.7 

.  V  C  0  4  6  0 

17 

97.9 

220.1 

1.077 

71526. 

.109 

261.59 

19613.5 

.U0C431 

PT 

*/0 

static 

TW/TB 

TB  p»ess 

PRESS. tPSIAJ 

(F)  DEFECT 

1 

-.5 

99.9 

1.05 

75.0  -.472F-e2 

2 

90.0 

95.2 

1.15 

163.3  .115F*01 

AVERAGE  PARANcTERS  EETwEcN  PRESSURE  TAPS 
AVERAGE  9ULK  REYNQLPS  AVERAGE  PALL  REYNOLDS  AvERiGE  rSICTION  FACTOR 

76666.  6S36S.  .30969 


£1 


V 


V 


m 


}:■ 

•  m 


RUN  X35M, 

til 

i- 

0 

04/02/76,  GAS 

AIR,  . 

NOLECULAR  WT.  .  28.97 

5.22'3  VOLTS 
>  33.0  F 

TIN  • 

76.6  ft 

TOUT  «  293 

.5  F, 

YASS  flow  rate 

L3/NR,  I  •  9C.6 

ANPS,  E  • 

PR.  IN 

•  .719, 

GR/RESQ  • 

.5446-03,  NACh(2) 

•  .17 

0,  PACH(16)  •  .212.  T.SURR 

* 

a 

TC 

X/0 

TV 

T'V/TB 

REYNOLDS 

HL/06AS 

BULK 

,06AS 

34 

(F» 

NtSSELT 

3TU/HRFT2 

2 

.1 

151.4 

1.139 

31065. 

.099 

432.69 

45674.3 

.CC0990 

3 

1.2 

226.4 

1.274 

30761. 

.156 

204.97 

43053.3 

'.£171.9 

.CC0946 

•*- 

4 

2.1 

262.4 

1.336 

80519. 

,051 

132.46 

.CC1044 

e 

4.1 

293. C 

1.331 

7997C. 

.029 

161.92 

49300.8 

.CC106» 

0 

8.1 

321.3 

1.409 

78934. 

,024 

146.9c 

49643.6 

.001076 

7 

16.4 

354.2 

1.420 

76941. 

.023 

134.34 

49500.0 

.001079 

t 

24.5 

378.0 

1.416 

75103. 

.023 

128.55 

49578.1 

.ooicei 

9 

32.4 

597.1 

413.! 

1.405 

73397. 

.023 

124.39 

49941.7 

.:oio£2 

■ 

10 

40.6 

1.396 

716o5  . 

.026 

120.56 

49916.5 

.C01C32 

11 

43.7 

437.7 

1 .336 

70159. 

.026 

11 7. 5c 

499c9,3 

.001083 

12 

56.6 

457.1 

1.376 

68606. 

.029 

114.53 

49926.? 

.001062 

13 

64.6 

471.0 

1.360 

67383. 

:§f! 

114.33 

49972.1 

.001083 

14 

73.2 

439.4 

1.349 

66059, 

112.09 

499C3.7 

.cci'.ei 

15 

lo 

.31.3 

503.2 

1.334 

64E JO. 
635^5. 

.034 

111.60 

•.9ol0.o 

.CD1079 

90.1 

506.0 

1.302 

,056 

114.93 

216.64 

4g6;8.9 

.001055 

17 

93.4 

3  9  0 

1.140 

02655 . 

.169 

43C05.3 

.000932 

PT  */0 

STATIC 

Tp/T5  TB 

PRESS 

PRESS. (FSIAI  IF) 

defect 

1  -.5 

99.9 

l.ll  76. 

4  -.4728 

-02 

2  00. 1 

93.7 

1.30  262. 

0  .151E 

♦01 

AVERAGE  PaRANETERS  BETWEEN  PPESSUSE  TAPS 

AVERAGE  8UL3  REYNCLO 

IS  average 

wall  P: 

ynGLOS  AVEfAGE 

fpiction 

FACTOR 

72340. 

54080. 

.00475 

^  ■ 

a 


92 


aUN  :56H.  04T=  C<./J2/7«.  GAS  AIR  ,  MLECULAR  'WT.  .  23.57  tc 
TIN  m.  79.0  Ft  TOUT  •  423.3  Ft  NASS  FLOW  RAT;  •  29.3  L3/NR,  I  •  .li.|  A.lPSt  =  •  S. 865  VOLTS 
RH.IN  •  .719t  GR/aeSa  •  .i42e-03i  NACHia)  •  .17C.  NACH(ls)  •  .231.  T.stjSR  •  3..,  F 


c 

X  /O 

Tw 

(FI 

2 

.1 

195.2 

3 

1.2 

312.7 

4 

2.1 

36d.3 

5 

4.1 

417.3 

6 

d.l 

464.2 

7 

l9 . 4 

519.3 

6 

24.5 

559.1 

593.1 
822.6 
653.0 

679.1 
700.7 

723.9 
743.4 

743.9 
523.3 


1.213 
1.429 
1.522 
1.551 
1.634 
1.645 
1.632 
1.6G9 
1 .365 
1.361 
1.533 
1 .509 
1.484 
1.456 
1.404 

i.iai 


ALLi^ 

aSYNQLDS 

33768. 

33297. 

79C23. 

79074. 

77529. 

74567. 

71932. 

69534. 

67231. 

60313. 

03438. 

61710. 

63134. 

33667. 

57233. 

56201. 


HL/3GAS 


9UL< 
NUS39LT 
413.54 
200. -“B 

133.37 
153.5. 
141.36 
127.21 
115.89 
114.19 
136.49 
138.14 
102.58 
101.4'j 

99.92 

95.44 

102.38 
ISi.li. 


OGAS 

3TU/hSFT2 

70496.4 
57-35.  :• 

75253.7 

76617.3 

77902.1 

77745.8 

77876.3 
75v.o2 . 3 

77560.5 
7F061 . = 
7758*. 4 

79046.2 
77945.7 

77769.6 

75692.3 
61553.0 


.001525 

.001471 

.001633 

.001665 

.001675 

.001655 

,001685 

.001692 

.001691 

.001693 

.001692 

.001693 

.001651 

.001697 

.001642 

.001344 


static  TV/T8 

8R£SS.(8SIAI 

95.7  1.17 

52.1  1.43 


T9  88fSS 

(?)  0;?;CT 

77.3  -.472F-C2 

;93.3  .1«65*01 


average  PAPAHETERS  aSTVEEN  ?»;SSUP;  TAPS 
AVERAGE  aULK  REYNOLOS  AVERAGE  WALL  REYNQLOS  AVERAje  FRICTION  FACTCR 

69032.  46754.  .004,9 


R'JN  137-(,  OATS  04/02/75.  GAS. AIR  ,  nCUCULAR  WT,  •  22.97  . 

TIN  •  79.5  F.  TOUT  •  555.5  F.  NASS  ?L3W  RATe  •  26.9  L9/HR.  I  •  *32.2  4NPS.  -  •  ^*’*5  '/. 
PR. IN  •  .719.  GR/RESa  •  .116E-02.  N4CH(2»  •  .170.  N.ACr)(16)  •  .253.  TtSO®*  »  99.7 


TW 

(FI 

243.2 

401.4 

479.5 

549.2 

915.5 

694.8 

749.5 
792.4 

334.9 
-73.1 

903.6 

933.3 

965.1 

992.1 

991.9 

766.1 


IMl 

1.715 
1.3C9 
1.863 
1.865 
1.834 
1.792 
1.743 
1  .7oa 
1.667 
1.619 
1.591 
1.543 
1.479 
1.207 


79162. 
79001. 
75953. 
72030. 
69674. 
65846. 
63119. 
60837. 
53719  . 
56659. 
55036. 
53430. 
3  1  999  . 
50863. 


HL/aGAS 


nl'sSelt 

408.61 

200.90 

179.67 

156.22 
135.27 
121.73 
112.92 

107.22 
101.69 

97.97 
95.  ?1 
94.25 
92.52 
91.4c 
93.42 
15s. 92 


OGAS 

9TU/NRFY2 

97116.5 
7375A.3 

10417*. 3 
1)5092.6 
137025.2 
IJTS-I.T 
1)7751.3 
1)7908.5 
1)7864.1 
1)703*. 7 
1)7852.5 
ij7eo7,3 
107779.1 
1)7419.6 
1)4245.4 

77331.6 


.002266 

.C023o» 

.002329 

.002340 

.002344 

.002347 

.002346 

.002348 

.002346 

.002347 

.002344 

.002336 

.002267 

.0018-2 


STATIC  TU/TE 

PRESS. (PSIA) 

96.6  1.24 

90.6  1.48 


PRESS 

OF=rCT 

-.472E-02 

.223E-01 


average  PAPAHETERS  SETWEEN  PRESSURE  TAPS.  -..-t-c 

average  8ULR  RFYNOLOS  AVERAGE  WALL  RSYNOLOS  AVs-AGc  -RICJt^N  -ACTuP 
56150.  41X63.  .00479 


RUN  159H,  3iTs  04/3i/76*  GiS  AIR  *  fOLhCUUR  .T. 
TIN  «.  73.7  F,  TO'IT  *  173.5  F.  lAJS  FL3U  ®ATs  •  2C.1  L3/HS,  i  . 
PR. IN  •  .72C.  GR/R633  •  .214e-33.  7ACH(2)  •  .157.  fACM(ie)  ■ 


•  2e.?7 

:2.2  A7BS,  E  •  2.a2C  '.'OlTS 

.174.  T.SUBB  •  7fc.O  F 


TC 

«/C 

T4 

TU/T3 

3UL.< 

HL/OGAS 

BULK 

OG  AS 

2* 

(F) 

rsymolos 

NLSSELT 

3TU/6RFT2 

2 

.1 

103.6 

1.  360 

56552. 

.104 

346.49 

15u33.3 

.C00475 

3 

1.2 

135.9 

1.119 

56454. 

.209 

135.02 

13769.7 

.C0C435 

4 

2.; 

151.6 

i  .140 

5o375 . 

.059 

142.42 

15737.2 

16132. D 

.000497 

.i:CC5C5 

5 

4.1 

163.6 

1.163 

36192. 

.334 

125.79 

6 

B.l 

177.5 

1.131 

1.166 

35341. 

.025 

110.12 

103.12 

16266.2 

.C’:o5i4 

7 

16.4 

192.3 

55123  . 

.024 

16315 .9 

.000515 

E 

24.5 

203.2 

1.169 

5444P. 

.025 

104.5= 

16325.7 

.CC0516 

.000516 

9 

32.4 

212.6 

1.136 

53630. 

.025 

102.22 

1 0  i  2  5  •  1 

1C 

40.7 

222.2 

1.136 

53189. 

.027 

100.45 

16314.1 

.CC051S 

11 

48.7 

232.1 

1.165 

52593. 

.02* 

O''. 99 

16309.9 

.CC0515 

12 

56.6 

240.2 

1.161 

52002. 

.029 

97.37 

163«.3.0 

.COC513 

13 

64.7 

246.6 

1.179 

51435. 

.030 

90 .21’ 

16291.2 

.C00515 

14 

73.1 

257.3 

1.175 

50353. 

.032 

95.33 

lo273.9 

.C30514 

15 

61.2 

265.9 

1.172 

5)299. 

.037 

R4  .Co 

16207.2 

.000512 

io 

59.9 

266.6 

1.157 

49729. 

.363 

96.64 

15603.2 

.000499 

17 

77.9 

215.0 

1.060 

45234. 

.129 

247.11 

1..695.i 

.0CC4o4 

PT 

Y/0 

STATIC 

TW/T3 

T3 

PRESS 

PRESS. (PSIAl 

(F) 

DEFECT 

1 

-.5 

1.05 

1.16 

71. 

5  -.3l2r-02 

2 

90.0 

71.2 

16“. 

3  .125?*01 

AVERAGE  oaRaMETERS  !£TWE£M  PRcISURC  Taps 
AVERAGE  BULK  REYNaLOE  AVERAGE  WALL  REYNOLO:  AVE'AvjE  FRICTI3N  FaCTCP 

5314A.  45344.  .CG5CP 


TIN  « 

74.5  F. 

TCUT  «  316 

.2  F.  fAS 

S.=l3w  rate 

'■  20.1 
•  .157 

L3/HR.  I  t 

79.2  ANpj.  E  • 

•  .193.  T.SUR® 

4.495  VOLTS 

PR.  IN 

•  .720. 

GR/RESO  • 

.4916- 

03.  '1ACN(2I 

.  NAC.9(l6) 

•  76. C  F 

TC 

X/0 

T'A 

(FI 

TWITS 

REYshlOS 

HL/OGAS 

nS's'Ult 

or, AS 

3ru/HPeT2 

0* 

2 

.1 

144.6 

1.134 

56286. 

.119 

340.41 

34269.2 

.C010S3 

.colon 

3 

1.2 

219.3 

1.263 

36063. 

.205 

154. 5e 

31995.6 

4 

2.1 

253.1 

1.336 

558R2, 

.071 

138.02 

36103.6 

.C01141 

.C0U77 

14 

4.1 

292.2 

1.386 

55464. 

.040 

121.46 

37254.7 

6 

3.1 

322.6 

1.416 

34673. 

.033 

1 J9.86 

:o;.o5 

37620.2 

.C01189 

7 

16.4 

35  3.9 

1.423 

1.422 

53151. 

.032 

37752.9 

.C01193 

6 

24.5 

384. 5 

51758. 

.032 

95.15 

37=00,4 

.001194 

9 

32.4 

40  4.9 

1.409 

50471. 

.033 

92.39 

3784*. 7 

.C01196 

10 

40.8 

426.1 

1.395 

49135. 

.035 

39.66 

37804.3 

.001194 

11 

43.7 

446.  3 

1.384 

43060. 

46963. 

.036 

37.58 

3  7?3  8.’J 

.001196 

12 

56.9 

466.6 

1.372 

.039 

35.4* 

37776.1 

.001194 

13 

3 ...  £ 

482.8 

1.356 

46018. 

.040 

34,00 

37=00.8 

.criiCi, 

is 

73.2 

503.3 

1.345 

4303P. 

.044 

32.74 

82.60 

37702.9 

.C01191 

31.3 

517,6 

1.327 

4’4  1  2  6  . 

.048 

37598.7 

.0D1138 

16 

90.1 

52  1.6 

1.294 

43251. 

.084 

84.31 

36348.3 

.C0114P 

.0096* 

17 

98  .C 

400.0 

1.108 

42597. 

.250 

197. EO 

31259.0 

static  TW/T3 

PRESS. (PSIA) 

74.5  X.ll 

70.2  1.2R 


T3  PRESS 

C?1  ^RfECT 

72. •?  -.fl3E-C2 

24o,;  .16*E»01 


average  papaheters  between  rressure  taps 

AVERAGE  BULK  REYNOLOS  AVERAGE  WALL  REYNOLDS  AVERAGE  RRICTnn  FACTCB 

40783.  37493.  .00513 


«'JN  IbH.  04T=  0<>/03/76.  GAS  Al?  ,  rCLcCULAU  .T.  •  23. ?7 

TIN  *  75. A  f,  TOUT  •  445.3  F»  ''ASS  PLIW  RAT;  •  >0.0  1.3/HS.  I  •  ?7.t  A7PS.  ?  •  5.775  VOLTS 
PR. IN  •  .720,  GR/ReSQ  •  .7536-03.  NACHta)  •  .lit.  PACN(ls)  •  .214,  T.SLPP  •  5C.2  F 


TC 

X/0 

TW 

TW/TB 

BULK 

wL/DGAS 

9UL< 

CGAS 

a* 

(F) 

REYNOLDS 

NUSSELT 

3TU/HRFT2 

2 

.1 

185.5 

1.213 

35890. 

.138 

515.26 

51343.0 

.C01e27 

3 

1.2 

299.0 

1.410 

5553C . 

.206 

152.23 

43344.3 

.00154? 

4 

2.1 

357.8 

1.510 

55276. 

.071 

136.52 

55245.4 

.001751 

5 

4.1 

411.4 

1.586 

54645  . 

.046 

113.72 

507  5“. 5 

.CC17C9 

6 

8.1 

460.1 

1.630 

53439. 

.039 

106.10 

57367.6 

.COlel? 

7 

lo.  4 

313.4 

1.640 

51290. 

.039 

94.52 

57619. c 

.CClc26 

9 

24.5 

559.0 

1.622 

49308. 

.040 

33.34 

57696.3 

.1.0182“ 

9 

32.4 

391.3 

1.596 

47595. 

.041 

54.52 

57774. •, 

.CC1331 

10 

40.8 

624.7 

1.569 

45964. 

.045 

51.35 

57689.5 

.00132“ 

11 

43.8 

653.4 

1.545 

44531. 

.046 

79.44 

57731.3 

.C01“3C 

12 
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APPENDIX  E. 

Thermocouple  Conduction  Error 
D.  M.  McEligo t , D . C .Tr Ibolet  and  B.  Bingham 
Aerospace  and  Mechanical  Engineering 
University  of  Arizona 

A  thermocouple  attached  to  the  outside  surface  of  a 
heated  tube  acts  as  a  fin  or  extended  surface  which  low¬ 
ers  the  temperature  at  the  point  of  attachment.  Since  this 
point  also  serves  as  the  thermocouple  Junction,  It  measures 
a  wall  temperature  lower  than  the  value  which  would  occur 
without  Its  presence.  The  difference  Is  known  as  "thermo¬ 
couple  conduction  error."  Consequently,  In  an  experiment 
such  as  the  present  study,  the  deduced  Nusselt  number  Is 
systematically  Increased  unless  corrected  for  this  effect. 

Analyses 

Based  on  extended  surface  analyses,  the  normalized 
thermocouple  conduction  error  9  has  been  shown  by  Schneider 


[48]  to  be  approximately 


tw-tTf.  .  1 

t^— t»  _ 


hTCAj 


Ko(Xr„)J 


where  t^  Is  the  temperature  of  the  undisturbed  tube,  h-pc^s 
Is  the  thermocouple  conductance  and  r,,  Is  the  effective  ra¬ 
dius  of  the  thermocouple  attachment.  and  are  modi¬ 

fied  Bessel  functions  of  the  second  kind  of  order  zero  and 
one,  respectively  [49, 50].  The  quantity  X  Is  defined  as 

X  -  +  h, 

tube  tube 

and  the  thermocouple  conductance  Is  defined  by  the  equation 


qic  ■  (t^Q-t^)  .  Thus,  In  this  approximation  9  is  a 

function  of  the  non-dimensional  parameters  Xr^  and 

^  “  *'tube^tuhe'  /  (bTc^s)  • 

Using  approximations  to  the  Bessel  functions*  valid 
at  snuill  values  of  the  argument,  one  may  reduce  equation 
(El)  further  so  that  it  takes  the  form 

0  35?  -  £n(Xro)/2T:M 

when  2irM  >>1.  This  form  is  useful  for  estimates  of  the 
maginltude  of  9  when  desiring  to  determine  whether  it  is 
significant  in  a  given  case.  It  is  presented  as  Figure 
El. 

In  calibration  for  thermocouple  conduction  error  data 
are  normally  obtained  without  flow  so  a  probe  can  be  used 
to  measure  the  tube  wall  temperature  in  the  vicinity  of 
the  thermocouple.  In  this  case,  h^  >  0.  Examining  Figure 
El,  one  can  see  that  the  effect  of  flow  (i.e.,  non  zero 
value  of  h^)  is  to  increase  Xr^  and  reduce  9  for  the  same 
thermocouple  attachment  and  environment. 

Hess  [29]  extended  and  Improved  Schneider's  analysis 
for  application  to  electrically  heated  tubes  with  internal 
flow  such  as  Che  present  experiment.  His  representation 
takes  the  form 


I 


Li 


~.gtfgr::W,6-Hiass;.-^Sg  .s^Ar, »=t-5SS'-:f«g^c*«-«‘gctiai^ 
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Fig.  El.  Approximation  to  thermocouple  con 
duction  error  for  large  values  of  parameter 


>V' 


Evaluation  of  thermocouple  conductance.  h.p(,Ag 

For  fine  wire  thermocouples  In  an  environment  at  at¬ 
mospheric  pressure,  free  convection  dominates  as  the  me¬ 
chanism  for  heat  loss  from  the  thermocouple  compared  to  ra¬ 
diation.  As  an  approximation,  one  may  consider  the  total 
heat  transfer  coefficient  and  properties  to  be  constant  for 
the  thermocouple  wire  and  derive 


<lXC  "  ^•'^TC^CS  tanh  ml  fE4) 

as  by  Schneider  [48].  For  long  vires,  l.e.,  ml  ■/ 1  hP/VtA  >5 , 
tanh  ml  approaches  unity;  then  h^^Ag  becomes  ''' (hj.  +  hNC)P'^TcAcs 
The  wire  can  be  considered  a  small  body  In  large  sur¬ 
roundings  so 

hr»eo  [t^c  ■  T«]/(Ttc-T-)  (E5) 


The  heat  transfer  coefficient  for  natural 
determined  from  a  correlation  of  the  form 
The  Grashof  number  Is  typically  small  for 
of  our  thermocouples.  For  the  range  10~^ 
curve  recommended  by  Krelth  [51,  Fig. 7-3] 
ed  as 


convection  can  be 
Nuf  ■  fn(GrfPr). 
wires  of  the  size 
<GrPr<10“^  the 
can  be  represent- 


NUf  -  -  0.315  +  0.8  [GrfPrf]®-^®  (E6) 

In  an  unpublished  note,  Hess,  Deardorff  and  McEllgot 
[52,  Included  herein  as  Appendix  f]  examined  available  cal¬ 
ibration  data  for  radiating  thermocouples  attached  In  the 
parallel  junction  form  of  Moen  [28].  From  comparisons  be- 


101 


^  Ml 


•  *  •  * 


tween  predictions  and  measurements,  they  concluded  that  the 


effective  radius  of  the  thermocouple  attachment,  r^ ,  was  ap¬ 
proximately  equal  to  the  actual  radius  of  the  thermocouple 
wire.  Consequently,  Ag  -  “  ird^/4.  The  calibra¬ 

tion  data  of  Campbell  [S3]  for  an  atmospheric  environment 
are  also  In  approximate  agreement  with  the  choice  of  d/2  as 

Application  to  present  experiment 

The  heat  transfer  coefficient  from  the  outside  of  the 
tube,  h^ ,  may  be  deduced  from  the  heat  loss  calibration 
equation  (B5)  ,  to  be 

h„  -  [Cj^  +  C2(t„-t«)  +  C3(tv,-t„)2]/irD  (E7) 

For  hj_  either  a  correlation  such  as  equation  (19)  or  tab¬ 
ular  data  from  the  Initial  data  reduction  can  be  employed. 

In  this  experiment  h^^  is  typically  of  the  order  of  200  Btu/hrft 
or  more. 

As  an  example  of  the  magnitude  of  thermocouple  conduc¬ 
tion  error  to  be  expec ted.  Figure  E2  has  been  plotted  for 
thermocouple  10.  The  value  of  hj^  was  taken  as  200  Btu/hrft^ 
and  the  environmental  temperature  was  assumed  to  be  about 
70°F  for  this  presentation.  The  reduction  in  9  with  flow 
Is  clear  and  It  Is  also  seen  that  In  the  heat  loss  runs  (no 
flow)  6  decreases  slightly  as  the  wall  temperature  Increases 
For  the  tabular  results  of  Appendix  D  the  thermocouple 
conduction  error  was  calculated  from  equations  (E3)  through 
(E7)  and  correlations  (19)  and  (B5) .  Material  and  fluid 


properties  used  In  evaluating  the  thermocouple  conductance 
were  based  on  the  temperature  at  the  junction  and  its  re¬ 
sulting  film  temperature,  t£  *  (txc  "*■  b„)/2,  as  appropriate 
While  a  numerical  solution  could  be  applied  to  improve  the 
analysis  predicting  the  thermocouple  conductance,  such  so¬ 
phistication  does  not  appear  warranted  due  to  the  uncer¬ 
tain  knowledge  of  several  quantities  and  the  small  magni¬ 
tude  of  9  . 


APPENDIX  F. 

Radiating  Thermocouple  Conduction  Error 

W.  G.  Hess^,  A.  F.  Deardorff^  and  D.  M-  McEligot 

Energy,  Mass  and  Momentum  Transfer  Laboratory 
Aerospace  and  Mechanical  Engineering  Dep  rtment 
The  University  of  Arizona 
Tucson,  Arizona 

In  space  environments  and  space  simulation  chambers, 
temperatures  are  often  measured  with  thermocouples  attached 
to  exposed  surfaces.  The  primary  means  of  energy  exchange 
then  are  conduction  through  the  solid  material  and  thermal 
radiation.  In  our  Laboratory,  we  .  ' so  often  use  a  vacuum 
environment  to  minimize  and/or  localize  the  heat  loss  from 
thin-walled  tubes  in  which  we  perform  Internal  convective 
heat  transfer  measuremants  [38l.  In  these  situations  the 
thermocouple  attachment  usually  acts  as  a  radiating  fin 
which  reduces  the  local  surface  temperature  near  the  point 
of  measurement.  This  systematic  effect  may  be  called  the 
radiating  thermocouple  conduction  error. 

Schneider  [48 1  presents  an  analysis  to  predict  the 
thermocouple  conduction  error  in  a  convective  environment 
by  idealizing  the  thermocouple  as  a  cylinder  mounted  per¬ 
pendicular  to  the  surface  at  a  single  point. 


1.  Now  with  Pratt  and  Whitney  Aircraft  Company,  West 
Palm  Beach,  Florida. 

2.  Now  with  Gulf  General  Atomics,  La  Jolla,  California. 
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Including  energy  generation  In  the  wall  by  electrical 
resistive  heating  and  energy  transfer  from  the  surface 
opposite  the  Idealized  thermocouple,  one  may  extend 
Schneider's  result  to 


T_._  -  T 
TC  w,u 


T  -  T 
w,u  “ 


(hf  ♦  h^^)r  K^(Xr)  +  2Xk^6Kj(Xr)  (FI) 


where  the  heat  transfer  coefficients  may  represent  con¬ 
vective  or  radiative  processes  as  appropriate.  In  the 
case  of  Infinite  radiating  thermocouple  leads,  the  effec¬ 
tive  heat  transfer  coefficient  over  the  contact  area  of 
the  thermocouple  may  be  shown  to  be 


If  Its  emlsslvlty  and  thermal  conductivity  are  constant. 
Thus,  provided  that  the  material  properties  are  known, 
prediction  of  the  radiating  thermocouple  conduction  error 
reduces  to  the  problem  of  determining  the  effective  ther¬ 
mocouple  radius,  r. 

For  many  applications  the  parallel  type  thermocouple 
Junction,  shown  In  the  Insert  of  Figure  FI,  Is  more  accur¬ 
ate  than  the  more  common  cross  type  junction  because  the 
location  of  the  measuring  plane  Is  effectively  on  the  tube 
surface  rather  than  being  spread  perpendicular  to  It  [28]. 


Rather  than  satisfying  the  Idealization  of  a  single 
cylindrical  Interface  between  the  thermocouple  and  the 
surface,  the  attachment  region  for  the  parallel  junction 
consists  of  two  roughly  elliptical  areas  slightly  separ¬ 
ated  from  each  other.  Accordingly,  the  objectives  of  the 
present  work  were  taken  to  be  (1)  to  determine  r  for  a 
parallel  junction  configuration  and  (2)  to  Investigate  the 
reproducibility  of  the  conduction  error  when  such  thermo¬ 
couples  are  produced  by  using  normal  laboratory  standards 
for  equipment  construction. 

Measurements  were  conducted  on  three  circular  test 
sections  of  0.010  Inch  thick  Inconel  600,  two  feet  long. 
Premium  grade  bare  Chromel  and  Alumel  thermocouple  wires 
of  0.005  Inch  diameter  were  spot  welded  to  the  test  sec¬ 
tion  by  the  electrical  discharge  technique.  Circumferen¬ 
tial  distance  between  the  two  wires  was  approximately  1/8 
Inch  and  the  attached  area  of  each  covered  approximately 
one  to  two  wire  diameters.  Tests  Included  about  fourteen 
such  thermocouples  with  all  wires  taken  from  the  same 
spools . 

These  reslstlvely  heated  test  sections  were  mounted 

In  glass  vacuum  chambers.  With  no  Intermal  flow,  h^  e- 

quals  zero  and  h  can  be  determined  from  the  tube  emlsslv- 
o 

Ity  which  one  also  deduces  from  the  tests.  "Undisturbed" 


107 


tube  wall  temperatures.  T  ,  were  determined  with  a 
traveling  Internal  thermocouple  probe,  also  of  premium 
grade  Chromel-Alumel ,  which  measured  the  wall  tempera¬ 
ture  profile  axially  betwenn  the  thermocouples.  Calcu¬ 
lations  show  the  maximum  temperature  drop  through  the 
wall  to  be  less  than  0.01  F  so  the  thin  wall  Idealiza¬ 
tion  Is  valid.  Readings  were  accepted  without  correc¬ 
tion  for  deviation  from  standard  N.B.S.  emf  tables  since 
Hoskins  Manufacturing  Company  certified  the  deviation  as 

O 

less  than  1  F. 

Results  are  demonstrated  on  Figure  FI.  The  dashed 
curves  are  predictions  based  on  equations  (FI)  and  (F2) 
In  conjunction  with  manufacturers'  Information  for  emls- 
slvltles  and  thermal  conductivities  of  the  thermocouple 
wires  and  the  tube.  The  solid  curve  represents  predic¬ 
tions  based  on  the  measured  emlsslblty  of  the  Inconel 
tube  used  by  Hess  and  on  an  effective  thermoucouple  ra¬ 
dius  equal  to  the  actual  wire  diameter;  otherwise  the 
bases  are  the  same. 

Hess'  data  points  are  averages  of  the  thermocouple 
readings  for  the  central  protlon  of  the  tube  and  they 
show  the  effective  radius  to  be  approximately  equal  to 
the  wire  diameter  or  slightly  less.  The  measurements 
of  Swearingen  and  of  Reynolds  and  Deardorff  are  from 
test  sections  with  different  thermal  histories,  hence 
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emlssivltles ,  but  of  the  same  materials  and  dimensions. 
Their  calibrations  suggest  that  r  Is  about  one-half  the 
wire  diameter.  Different  welding  jigs  were  used  for 
each  and,  consequently,  the  region  of  attachment  varied 
from  test  section  to  test  section  but  would  be  approx¬ 
imately  uniform  for  different  thermocouples  on  the  same 
test  section.  Accordingly,  one  would  expect  the  level 
of  the  thermocouple  conduction  error  to  vary  from  test 
section  to  test  section  as  It  does  In  Figure  FI. 

We  conclude  that  the  effective  radius  of  the  ther¬ 
mocouple  attachment  Is  approximately  one-half  to  one 
wire  diameter  when  constructed  In  the  manner  described. 
One  may  use  this  observation  with  manufacturers'  Infor¬ 
mation  and  equations  (FI)  and  (F2)  to  determine  whether 
the  systematic  error  will  be  significant  In  his  specific 
application.  (For  the  results  shown,  In  an  Internal  con 
vectlve  heating  experiment  with  T  ~  IOOCF  and  T,  '^  900“F 

W  D 

the  resulting  error  In  Nusselt  number  would  be  5  to  10 
per  cent.)  If  such  predictions  Indicate  that  the  errors 
would  be  Important,  we  recommend  Individual  calibration 
since  the  values  of  a  number  of  the  pertinent  Input  var¬ 
iables  are  not  readily  available. 
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NOMENCALTURE 


h 

k 


r 


u 


e 

X 

a 


Heat  transfer  coefficient;  h.,  inner  surface: 
(thermocouple)  surface.  ^ 

thermal  conductivity 

Bessel  functions 

effective  thermocouple  attachment  radius 
temperature  measured  by  thermocouple 
"undisturbed"  wall  temperature 

thermocouple  heat  transfer  constant,  2(JE/(k  r) 

wall  thickness 

emlsslvity 

h 

wall  heat  transfer  constant,  [h  +  h.)/(k  r) ] 

’  ‘  o  i  w 

Stef an-Boltzman  constant 
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